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WOREWOR.D

1U) This report presents the work accomplished during the second
report period of the Aerospike Advanced Development Program under
Air Force Contract AF04(611)-11399. The report covers the period
I June 1966 through 31 August 1966. A portion of the design and tooling
effort in Task II represents a joint effort with the Advanced Engineer-
ing Program, Systems and Dynamics Investigation (aerospike) Contract
NAS 8-19. This report has been assigned Rocketdyne report No.
R-6537-2.

(U) Publication of this report does not constitute Air Force approval
of the r-ports' findings or conclusions. It is published only for the
exchange and stimulation of new ideas.

Vernon L. Mahugh
l/Lt, USAF
Project Engineer

ABSTRACT

(U) Program status and technical results obtained at the end of the
rzport period are described for the Advanccd Development Program,
Aerospike. This prog'- -m includes a-aalysis and preliminary design of
an advanced rocket engint using an aerospike nozzle. It further in-
cludes analysis, test hardware design, and test evaluation of thrust
chamber performance and thrust chamber durability.
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NOMENCLATURE

A = area

A - chamber cross-sectional areaC

At = nozzle throat area

CF(I -D) = one-dimensional thrust coefficient

CF(2 -D) = two-dimensional thrust coefficient

E = Young's modulus

F = thrust

h = enthalpy

H-Q = pump head-flow

k = specific heat ratio, thermal conductivity

K z distance

M = Mach number

q = heat rate

Q/A = heat flux

R = radius

T = temperature

u = boundary layer velocity

U = free stream velocity

u/c = turbine wheel velocity to spouting velocity ratio

S= flowrate

DN = bearing bore (millimeters) X rpm
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NOMENCLATURE (Continuad)

GREEK LETTERS

6 = boundary layer thickness

* = strain

o = boundary layer momentum thickness

S= viscosity

v = Poisson's ratio

T•= stress

SUBSCRIPTS

B = bulk

c = chamber, %.•vature

e = nozzle exit, elastic

p -P1&stac

R reference

TH = thermal

t = nozzle throat

S= free stream

aw = adiabatic wall

ST = Stanton Number

r = Prandtl Number

SUPER.SCRIPTS

- = average value

xiv
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L INTUODUCTION

(C) The Advanced Development Program (ADP) Aerospike Noelle Con-
cept started 1 March 1966 with a 17 -month duration. The objectives
are to evaluate critical technology associated with the Aero:$,ike
concept and produce the preliminary design of an advanced hydrogen-
oxygen engine of the following characteristics:

1. 250,000-pound thrust (nominal rated) with throttling to 20 per-

cent of rated thrust

2. 6:1 mixture ratio (nominal) with a range of 5 to 7:1

3. 96 percent (minimum) of theoretical shifting specific impulse
at rated thrust; 95 percent (minimum) during throttling

4. 100-inch maximum overall diameter

5. 10-hours life between overhauls with 100 reuses

6. Restartable at altitude

The total effort is comprised of two major tasks:

Task 1, Analysis and Design

A. Moaule Design

B. Application Study

Task Z, Fabrication and Test

A. Injector Performance Investigations

B. Thrust Chamber Nozzle Investigations

C. Thrust Chamber Cooling Investigations

D. Segment Structural Evaluation

(U) Task 2 and Task 3 of the first quarterly report, Thrust Chr-nber
Performance Evaluation and Thrust Chamber Durability Evaluation,
respectively, are now combined into Task Z, Fabrication and Test.



(U) This second quarterly report presente the program status, tech-
nical progress, and problem areas and solutions as of the end of the
second quarter of the ADP Aerospike, and a brief summary of planned
effort for the third quarter.

-I,
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H. SUMMARY

tu) In Task I, work progressed on both demonstrator module design
and fligL'. module studies. The demonstrator engine balance was modi-
fied for defined operating limits and for component study results. The
engine layouts were refined with definition of turbine dri e hot-gas
ducts, propellant feed arrangement, igniter configuration, and turbo-
pump mounts. Thrust structure car."4ate designs were reduced to
four. Study of control points was brouRht to selection of two hot-gas
values for thrust and mixture control; howevek, studies of open- vs
closed-loop control modes continue with either being satisfactory for
the demonstrator module. A study of gas generator turbine drive
against tap-off was initiated for completion in the next period. A trade
study of hydrogen pumps was completed with tlzction of a two-stage
centrifugal pump, The LOX pump design and turbine design features
for both pnmps were established. A thruat chamber structure trade
study was completed with e ! ection of a titanium structure and defini -
tion of the tie-bolts arrangement and cooling circuit. Gimbal design
requirements were defined and the study nearly completed. Flight
module preliminary parametric data was completed along with the pre-
liminary layout of variations in the flight configuration.

(U) The Applications Study was initiated with requirements established
and the parametric data completed. Studies of vehicle shroud and
thrust structure variations are in progress.

(C) In the Injector Performance Investigation subtask of Task 2, all
hardware scheduled for the period was delivered and all tests scheduled
were conducted. The three candidate injectors were evaluated for
performance, stability, durability, and chamber compatibility over the
throttling range. The triplet pattern was selected for 250K injector
No. 1 and is a strong contender for the high-performance 250K injector
No. 2. This evaluation will be completed early in September. Results
show the triplet, as developed in the 2.5K segment, to be stable over
the operating range, to better the performance requirements, to be
durable, and to produce acceptable throat heat flux. Tapoff data was
taken and these tests are continuing. "Bomb" disturbed stability rating
tests were conducted and will be completed in September.

(C) Progress was made in fabrication of the 250K experimental thrust
chambers under the chamber-nozzle subtask of Task 2. All working
drawings were released. The solid-wall chamber is undergoing copper
throat deposit prior to final machining. Complete tubes were fabricated
to check the procC..3, and tube-wall bodies were partially machined.
The injector body has completed manifold welding and is undergoing
final machining prior to brazing. Injector strip drilling and baffle

3
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electroforming was initiated. Manifolds, igniter, thrust mount, and
test equipment are partially fabricated. A stability computer model
was constructed and test instrumentation defined. The test facility
was activated with 40K aerospike thrust chamber.

(U) In the thrust chamber cooling investigations of Task 2, the iabora-
tory and analytical lAaterial studies were completed. Tiube tester
simulation tests were conducted on stainless steel and nickel, and will
continue in September. From all results, stainless steel was elimi-
nated as a material for the demonstrator module tubes. Nickel 200 was
selected for the 20K segment and, pending tube-wall segment hot-firing
test results, for the demonstrator chamber. Life predictions from the
combination of the analytical model and laboratory materials results
corroborated tube tester results and actual chamber life experience on
similar cooling tubes. The 2.5K tube-wall segment with nickel tubes
was fabricated to the point of assembly preparatory to brazing. The
copper tubes for the other 2.5K segment were formed and the body
parts were nearing completion. Instrumentation for hot-gas side-wall
temperatures and other variables was developed.

(U) In the segment structural evaluation subtask of Task 2, detailed
design of the segment was initiated during this quarter. The titanium
structural concept si-lected for the demonstrator chamber was incor-
porated into this segment along with the tie bolt and cooling circuit of
the demonstrator chamber. Layouts and design specifications were
comppleted ard prelirninary dasign review held. Tube material and
structure material was ordered. Tube material was selected as nickel
200 from the cooling investigations subtask.

(C) The c ,.Brall program is es-qntially on schedule with several sub-
tasks ahead of the program plan and one behind, namely the 250K
chamber nozzle investigations. Here, certain hardware fabrication is
behind schedule; however, it will not affect the initiation of fuil-scale
tube-wall tests on schedule. The No. 2 250K injector will be released
in the first week of September instead of August as scheduled.

(U) Issuance of Demonstrator Module Design requirement specifica-
tions was delayed 2 weeks for refinement to include study results.
Other program plan milestones were met in the second quarter.

4
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SECTION III
PROGRAM STATUS

A. TASK I, DESIGN AND ANALYSIS

1. MODULE DESIGN

a. Status

(1) System Analysis

(U) The steady-state analysis of the tapoff engine cycle was .eepened
during this report perioe to include a preliminary cycle balance re-
flecting the latest program ground rules. An analysis of the effect of
the change in the requirement for constant thruoqt ve mix~are ratio was
undertaken, and a decision as to the recommended design direction will
be made early in the iiext quarter. A prel-minary study of the maxi-
mum operating limits of the various engine components was completed
and is being used in establishing component design requirements.

(U) An investigation of possible thrust and mixture ratio control
rL.ethods was conducted during this report period to determine the
optimum control points consistent with operational requirements. It
was concluded that the system utilizing two hot-gas valves to control
turbi. e speed was preferable for the tapoff system.

(U) An open-loop vs closed-loop controls study was initiated, an" con-
cluding recommendations will be forthcoming early in the next report
period. Preliminary results are that the engine will operate satisfac-
torily with both closed-loop and open-loop systems and tl,%t either cc-
be designed to control tb- engine.

(U) A comparative analysis of a gas generator and tapoff cycle was
brought near completion during this report period. Results to date
indicate that as tapoff gas properties approach gas generator proper-
ties, the performance difference between the two cycles approaches
zero. The tapoff cycle has fewer components, comparable weight, and
somewhat better control characteristics at a higher estimated cost of
development. This study will be concluded during the next report
period.

(U) Start model updating and refining to include simulation of heat
transfer and compressible, two-phase, hydrogen flow through the thrust
chamber cooling tubes is currently being accomplished as is conversion
of the digital engine model to the IBM 360 computer. Preliminary

5

CONFIDENTIAL



CONFIDENTIAL

transient performance data have been obtained and some jreliminary
valve sequencing established.

(2) Preliminary Design

(U) A preliminary cut through the rnmýchanical design and module gen-
eral arrangement has been accomplished. In-depth design studies
have been initiated and design sheets released on the major subsystems
and ccmponents. Preliminary weights, envelopes, and interfaces have
been established for the major components. A trade study on the thrust
structure selection has narrowed candidates ti, four, and final selection
will be made early in the next report period.

(C) Preliminary layouts of the 250K and 350K flight module have been
completed. Parametric engine weight and performance data have been
generated for the flight module. The thrui~t range covered was 150K
to 350K, chamber pressure was varied from 750 to 2000 psia, and en-
gine diameters investigated were 80, 100, and 1O inches. The nozzle
length was Z5 percent and mixture ratio was varied from 5 to 7.

(U) Performance specifications have been established for both the fuel
V aad oxidizer turbopumps; preliminary turbine and pump operating

envelopes were also established; an evaluation of the type of fuel pump
configuration was completed. A two-stage centrifugal pump configura-
tion. has been selected, and preliminary layouts of both the fuel and
oxidizer turbopumps initiated-

(U) Definition of the thrust chamber wall structure, inclur~Lg coolant
circuit, attachment method, material selection, and fabrication tech-
nique has been finalized and the tube material tentatively se1pcted.
Nozzle contour-and shroud geometry have been established and the
theoretical calculation technique verified through a cold flow nozzle
test series cornducted under a separate program.

b. Progress During Report Period

(1) System Analysis

(a) Engine Balance

(U) The engine balance calculations for the tapoff cycle P:;gine system,
'shown schematically in figure 1, were made using a nonlinear digital
computer program. The prograrn L'.ances the engine at the nominal
design point and then permits orne or %-n.re of th- design variables to be
changed to determine off-design perfud;;nance. Iterations between the
steady-state cycle balance and component designs have been continually
carried out. The current design point parameters are sumniarizcd in
Table I.

6
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(C) Table 1. Preliminary Design Parameters

CONFIGURATION

Thrust, pounds 250,000
Specific impulse, second (vacuum) 450.8
Specific impulse efficiency, percent 97.0
Engine rnixture ratio 6.0
Envelope:

Diam, ar, inch 100
Length, inch 47

Area Ratio 76.9
Oxidizer flow, lb/sec 475.3
ruel flow, lb/gec 79.2
Totat propellant flow, lb/sec 554.5
Oxidizer inlet pressure, ppia 40
Fuel inlet pressure, psia 35
Oxidizer inlet temperature, R 175.6

Fuel inlet temperature, R 41.3

THRUST CHAMBER

Thrust, pounds 242,600
Mixture ratio 6.45
Throat area, sq in. 81.71
Chamber pressure, psia 1500
Injector end pressure, psia 1531
Oxidizer flow, lb/3ec 472.3
Fuel flow, lb/sec 73.2
Combustion efficiency, percent 96.5
Fuel injector pressure drop, psia 390
Oxidi-er injector pressure drop, psia 390

BASE AREA

Thmust, pounds 7400
Base pressure, psia 3.86
Secondary flowrate, "%/sec 9,04

FUEL TIURBOPUMP

Pump

Number of stages 2I Speed, RPM 36,000

8
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(C) Tazle 1. Preliminary Design Parameters
(Continued)

FUEL TURBOPUMP (Continued)

Pump (Continued)

Discharge pressure, psia 2634
Efficiency, percent 75
Flowrate, lb/scc 79.2

Turbine

Number of stages I
Pressure ratio 30
!nlet temperature, R 1960
Inlet pressure, psia 1225
Flowrate, lb/sec 6.45
Efficiency, percent 60

OXYGEN TURBOPUMP

Pump

Number of stages 1
Speed, RPM 20,000
Discharge pressure, psia 2055
Efficiency, percent 80
Flo~wrate, lb/sec 475.3

Turbine

Number of stages I
Pressure ratio 15
Inlet temperature, R 1960
Inlet pressure, psia 600
Efficiency, percent 50
Flowrate, lb/sec 2.591

_ _ _ _ _9
541-R-

V&



(C) A hange n thethrustvs miture rtio r 'reeswa eeie

(c)oAstange thus thetrs a s mixture rangrmStio Me.ire et b received

elevated pump speed* at the mixture ratio ;xrms as S~AW i~ft t-
ure Z. At 5:1, the fuel pump ape"d required increased 8 psrcent evex
the nominal design point speed at mixture ratio of 6:1, while at 7:1 the
oxidizer pump speed required increased 1.2 percent. Using a criterioce
wbic'li limits the pump speeds to the nomin~al design paint Smnixture
ratio 6:1) speed, rsosults in a thrust loss at both ends vt the mi-6ure
ratio excursion as depit&-,-d iii figure 3. This loass is only 1.6 percent
at a mixture ratii, of 7:1; however, it reaches app*v-_;vte1y 10.4 per-
cent at a mixture ratio of 5:1.

(C) Preliminary analysis irAicates that the engine weight savings using
the pump speed limit criteriat is approximately 30 pounds with no
change in specific impulse, it vacuum conditions. while the thrusi. loss
at a mixture ratio of 5: 1 ins ignificant. A decision on the design course
to be taken will be made eaily in the next quarter. The engine balance
shown reflects use of the pump speed limit criteria.

(b) Operating Limits

(U) Design of a rocket engin.o for a specific operating point and off-
design capability resilts in n~minal design values for all angine comn-
po-tenlts. However, manufactxrithl tolerances result in component
performance slightly different from the nominal design values. The
cumulative effect of these tolorances must be statistically calculated
to determine the maximum pi~obable values at which each component
must be capable of operating. These values are summarited in
Table Z.

(U; Tolerances which were considered in determining maximum oper-
ating conditions included line: and valve resistances, combustion and
nozzle efficiencies, and turb':machinery performance. Component
tolerances for the ADP demonstrator module were estimated based on
current Rocketdyne production enginas. An exzception to this was the
thrust chamber toleranca. Current production engines are bell-type
thrust chambers, wh~ereas the ADP engine is an annular-type thrust
chamber. Therefore, it was necessary to analytically predict the
throat gap tolerance. This toleran';e was estimated to be larger for
the annular chamber thani for a bell chamber because of the narrow
throat gap of the annular chamber.
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(C) Table 2. Operstiag 14=its

Nominal 2-V
Mixture R~andom Maxi~alu

Rtatio Variation

Engine thrust. pound 250,000 17,364 267,364
Engine mixture ratio 6,0000 0.3S03 -

Thrust chamber injector end

Thrust chamber fuel flow,

Thutchamber oxidizer
flow, lb/sec 473.05 44.75 517.80

Tapoff fuel flow, lb/sec 5.95 0.65 6.60
Tapoff oxidizer flow, lb/sec 2.97 0.33 3.30
Fuel turbine inlet

temperature, R 1960 *1960
Fuel turbine outlet
temperature, R 1254 39 1293

Fuel turbine inlet pressure,
psia 1226.8 140.9 1367.7

Fuel turbine outlet pressure,
psia 39.9 4.1 44.0

Fuel turbine speed, rpm 35,986 1925 39,911
Fuel turbine torque, ft-lb 2292.5 232.0 S254.5
FueLturbine flow, lb/sec 6.37 0.687 7.06
Oxidizer turbine inlet

temperature, R 1960 1960
Oxidizer turbine outlet

temperature, R 1449 33 1481
Oxidizer turbine inlet

pressure, psia 599.6 70.2 669.8
Oxidizer turbine outlet
pressure, psia 39.9 4.1 44.0

*The standard deviation a& the tapoff gas temperature from the nomi-
nal valuie of 1960 R was nct estimated because of the limited amount
of test data on tapoff for this engine configuration. Av 'stimate of
this value will require sufficient testing to allow a statistical analysis.
In place of the 2-w turbine inlet temperature variation, an arbitrary
variation of 100 F was selected to assess the criticality of this
parameter. This variation was estimated to result in a 1.0 percent
change in thrust, a 0.7 percent change in pump speed, a 1.0 percent
change in propellant flowrate, and a 1.0 percent change in pump d4 -
charge pressure. The control system would then rebalance the engn

at the nominal thrust and rch'mbor pressure with a change in specuic
impulse of approximately 0.2 seconds.

12



(C) Take4 2 9otsd

Mixture -R00m W~ZU

Oxidizer turbine rpeed, rpm AimS i
Oxidizer- turbine torque, ft-lb "q U
Oxidiser tur~sne flow, lb/sec 2.56 Z

Oxuier pump dischargeprsue

Oxidizer injection pressure,
Pasia 1921.5 210.7 213W.

Fuel pump head, feet 81,669 7447 6.1
Fue~l pump volume flow, gpm 5449 6533t
Awel pamp horsepower, bhp 15.706 23S0
Oxidizer pomp head, feet 4222 474 'wM
Oxidizer pump volume flow,

gpm 3107 21? 3324
Oxidizer pump horsepower,

bhp 4567, 761 j5328
Base pressure, psia. 4.03 0.87 I4."0
Base temperature, R 1310 341344

(U) Each tolerance was examined independently to determine its effect
on the engine parameters shown in Table 2. The cumulative effect of
all tolerances on each parameter was determined from

-A_

where the maximum expected value of the engine parameter, X. is
determined from the nominaL value and the deviations from the nominal
becausst of the various component tolerances.

N 13I
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(c) Control Points
(C) An investigation of possible th-rst and mi aut ratio co*t241uqh
ods; was conducted during tWi report period to determino the 606"0'fcontrol points consistent with the fligkt and de owrtr module oper-
ational -equirements. Schaemos which involved raltis" contrallexs
for one function (i. e- , rough mixture ratio control aevs with a hot.
gas valve and trimmiing with liquid valves) were eliwaiWAed from.
consideration because of the adverse effect upon system reliab$*iy.
The control systems whizh merited consideration are listed belo*.
The numbers in parenthesis correspond to the control points shown in
figure 4.

1. Two hot -gas valves (1,2) or (2,7)

2. Main fuel valve and main oxidizer valve (3,4)

3. Two cav.Lating venturis (8,9)

4. One hot-gas valve and main oxidizer valve (7,4)

5. One hot-gas valve and fuel pump bypass (7,5)

6. One hot-gas valve and oxidizer pump brpass (7,6)

7. Main oxidizer valve and fuel pump bypass (4,5)

8. Main fuel valve and oxidizer pump bypass (3,6)

(U) The candidate systems were comipared on the basis of performance
cffects, weight, engine dyna'-ics, compatibility with other control func-
tions, and design and development problem6 and costs. Table 3 sum-
marizes the performance effects for all eight systems showing the
values for pump discharge pressures, flowrates, pump ipeeds, thrust,
and specific impulse. Undesirable levels for each paramneter are
asterisked. System number 3, consisting of two cavitatln~g venturis,
requires a 7000-psia fuel pump discharge pressare and a 3700-psia
oxidizer, pump discharge pressure. Ihese are necessary to provide
the extremely high presbure drops to maintain cavitation at the nomi-
nal condition.

14
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_______ ______ Significant Par-Msr

Oxidizer Fuel
Pump Oxidizer PUmp

Discharge Oxidizer Pump Discharge !'uel 1 F
System Pressure, Flovrate, Speed, Pressure, Floviate, Vb"

No. Operating Condition psi lb/sec rpm psi 1/l-eo rI

1 Low mixture ratio 1800 405 23,065 2560 81 36
Nominal 2056 476 25,016 2634 79.3 354
High mixture ratio 2030 486 25,000 2420 69." 33,6

2 Low mixture ratio 2391 456 26,342 2891* 91.3* 38,I

Nominal 2242 477 25,914 3284* 79.6 38,01

High mixture ratio 2118 505 25,646 301"* 71.5 36,

3 Nominal 3700* 7000*

4 Low mixture ratio 2706* 427 25,500 2566 82.8 36,Q

Nominal 2425 476 26,714 2635 7,11 36,q
High mixture ratio 2064 482 23,650 2498 70.n 3491

5,7 Low mixture ratio 2163 486.3 25,640 2916 98.1* 39A .

Nominal 2054 476 25,013 2650 99.5* 389ý

5,8 Nominal 2055 606.4* 25,442 2634 79.4 35,
High mixture ratio 2516 589.3* 27,850 2918 83.7 37

*Undesirable value

_ _ _ _ _ _ _ _ _ _ _



TAMAE 3

TLADY -STATE TRADEOFF

'icant Parm torse

Fuel Fuel Specific
Flowrate, Pump Speed, Impulse, Thrust, Mixture

lb/sec rpm seconds pounds Ratio Remarks

81 36,000 453.5 ?22.000 57 Two hot-gas valves;300 psi

79.3 35,986 450.2 250,000 6 tapoff AP

69.4 33,600 441.2 246,000 7

91 "* 38,854 453 248,000 5 Two -ain valves;maximum differ-

79.6 38,873 449 250,00( 6 ential pressure is 200 psi
oxidizer and 670"psi fuel

72.5 36,968 440.2 254,000 7

Tuo .avitating venturis

82.8 36,000 230,000 5.18 Oue hot-gas valve and main
79.4 36T000 49.9 250,000 6 oxidizer valve; 400 psi differ-S9 2ential pressure; oxidizer- valve

70.9 34,t54 24,8,000 6.84 nominal

98.1* 39,440* 452.5 261,000 5.36 Hot-gas valve anJ fuel pump
99.5* 38,071* 449.5 250,000 6 bypass; maia oxidizer valve and

fuel pu-, bypass

79.4 35,992 449.8 250,000 6 Hot-gas valve and oxidizer pump
7 292,000 . oypass; main fuel valve and

87.7 9,oxidizer pump bypass

17 CONFIDENTIAL
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(U) This area sion was sufficiont to eliminate the ca~itating -vemstods
from further consideratiom. ,Th syetsm ust%# both 440 FP"O"~
valves (number 2) aloo required higher discharge pr*0$res Whidh
translates into increased weight and 06erasod periorsvanue. Srototem
S. 6. 1, and 8 (pump bypass systems), all reqqire elevated pump 1"lows
and speeds. An assoctated pump weight increase and perfarmnanco loss
a~lso occurs with the increaseid flow#. The hot-gas valve syxiowu aum-
ber 1) has the beot specific impulse; however, its advantage is small.
The improved performance of the "~ff hot-ps control system results
from the lower pump dis charge pressures iind flows achieved by re-
moving the control poin' from the liquid system. This allows a reduc-
tion in the turbine hot-gas flowrate which is used as the secondary
flowrate in the base region of the atrospike nozzle. The nature of the
aerospike nozzle is such, that in the region of the nominal, ADP opera-
tion, a reduction in secondary flowrate causes an increase in enr'ne
specific impulse.

(U) A dynamic analysis of the control system response iavors liquid
valve control over gaseous systems. However, the resjonse require-
ments for the thrust and mixture ratio control systomr do not preclude
the usts of the gaseous system. Another possible dynz.mics advantage of
the liquid systems is the impedance it places between the feed system
and thrust chamber. This would perhaps be of impcrtance in throttling
lower than 5:1 but s anrot judged of importance at the 5:1 design
requirement.

(U) Two areas of possible interaction of system functions with the
throttling and mixture ratio control systems are the start sequence and
the hot-gas igniter mixture ratio control. The hot-gas control valve
system may be useful for both of these other functions, because~ the
hot-gas valves can be opened for additional turbine starting torque, can
be used to control pump discharge pressure, and can be used to control
mixture ratio. The main valve systems cannot be used for either of
the first two app~lications, because they control flow only to the thrust
chamber. A hot-gas valve and bypass system (number 5 or~ 6) could
conceivably also accomplish the added functions.

(U) Rocketdyne expezience favors the design and development of liquid
control valves (particilarly oxidizer) over the hot-gas valves. How-
ever, experience in de~sign and development of large e rvocont rolled
valves is not so far a~ivanced in either case that there would be a sig-
nificant difference in schedule.

(U The concluaiion to be deduced from the study is that the mystem
utilizing two hot-gas valves is preferable because syst, ns using mainf
valves or cavitating Venturib, imply undesirable inicreases in system
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operating pressures, and systems using pump bypass imloy u*..IraW*
increases in system propellant flowratee (on the order of 20 pera•t.
for full mixture ratio excursion at nominal thrust).

(d) Closed-Loop vs Open-Loop Control Systems

(U) •turing this report period, effort was. directed toward the selection
of closed-loop or open-loop control systems for th-ust and mixture
ratio control. The pertinent material required during this period is
presented tinder topics which are important consideratloas in formingj
a basis of selection. The work to date has consisted of sa cific evalu-
ation of open-loop mixture ratio control vs closmed-loop mixture ratio
control because this control system is most critical with regard to cost,
versatility, safety, and reliability. Many of the same arguments apply
also to open-loop vs closed-loop thrust control; however, for the pur-
poses of discussion here the thrust control system is closed-loop.

(U) In order to evaluate system cost, it is necessary to formulate the
system in terms of components. For the purposes of this discussion,
a closed-loop system on mixture ratio is shown in figure 5, and an
open-loop system on mixture ratio is shown in figure 6. All of the
systems use a single hot-gas valve in the tapoff line for thrust control,
and another hot-gas valve in the line to the oxidizer turbine for mixture
ratio 7ontrol. The clos :'-loop system uses two sensors for control by
volum-**ic flow measu. nt (turbine-L,<pe flowmeter) or three sei.sors
(one of which is the char !esnsure measurement also used in the
thrust controller) for conm - by pressure measurement. The flow-..
meter system uses filters ,ind a multiplier circuit to generate an error
signal to drive the oxidizer turbine valve, while the pressure trans-
ducer system uses a function generator to compute the error signal to
drive the valve. Both systems require servovalve compensation and
incorporate valve position feedback circuitry to increase safety and
reliability. The open-loop mixture ratio control system (figure 6) uses
the same valves as the closed-loop counterpart, with a similar minor
loop closed around valve position. However, some modification of the
system with respect to thrust level is necessary, either with respect to
operating chamber pressure or with respect to tapoff valve area (if
bot'h systems are open-loop). The need for modification of the control
loop (shown by analog multiplier and function generator) is justified in
figure 7. This figure shows two thrust vs mixture ratio control
invelopes for an open-loop control system based upon constant oxidizer
turbin.j valve area throttling. The two envelopes result from two
turbomachinery designs which have roughly a 10 percent change in the
pump H-Q curves and the turbine efficiency- u/c curves. The figure
reveals the controls sensitivity to the turbomachinery cha.eacteristics,
because a 3 unit change in mixture ratio at low thrust occurs between
the two designs. Although the expe..ted variation in pump curvef; from
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in effitaac 44 # tos Of S 10415*
nevertboless Produce an tntOlval* vsxiation 10 0&$* 4
thrOttli,4g =1g60 some C*2uectiont with thrust level ip i$Vgm#ur.4
can be introduced in a number of ways such mse.ha"4ulWk
tween valves, but electrical modification in depicted in t44 a~m~
since either tapoff valve area or chamber pressure will ho availblo.

Cost

(U) The open-loop and the closed-loop mixture ratio system~ are Judged
to be identical in cost except for the addition of two turbine flowmeters
and some increase in syuterrL compensation lolici:n the closed-loop
system if all costs including additional tasting for calibration purpomes
are considered. (This equates the cost of the closed-loop system fil-
ters and the multiplier with the function generator sad multiplier re-
quired for valve area change with thrusst level of the open-loop system~.
The flowmeters may be required as standard flight instrumentation in
any event, but for the purpogies of this study, this is assumed not to be
the case. Valve position control is included in both systems because
of the increase in safety' and reliability of the closed-loop system and
because maintenance of constant area with input signal is essential for
satisfactory open-loop system operation.

(U) Testing costs for the open-loop system will be greater. This cost
could be minimized by development of a facility mixture ratio control
system so that engine calibration can be accomplished in one test.
With this assistance, extra engine testing would probably be increased
by two tests, nne for determination of the oxidizer turbine valve area
vs thrust level function generator setting (or cartl) for that particular
engine, and one for checkout and verification. Some increase in cost
,11 component testing would also occur for open-loop operation, because
more component trimming will be required -for insurance that correc -
tion of the oxidizer turbiua valve as a funct~ion of thrust level car. be
obtained.

(U) In summation, closed-loop operation will require two flowmeters
and increawed compensation complexitl as opposed to open-loop opera-
tion requiring developme.nt of a facility mixture ratio control system,
two _Ictra tests per engine, and some increase in componezat testing.

Versatility

(U) The closed-loop system is judged to be more versatile in that ex-
tensions in thrust, or mixture ratio range are possible without engine
recalibration. The same iargument is present for component replace-
rrw~nt. In addition, the closed-loop system has the greatest potential
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for avoidance of unafsirable operating points. if they are 14dq",qA,
Less modification is .oquirod for additiop of other contrail paramotoo,
such as pump speed. Also, If it is desi. ed to run the cdos*4-loop is,.
tern W an open-loop mode for test or demonstration ,purpo, It sn b
done witb minimal effort as opposed to running the open-loop system in
a closed-loop mode.

Safety

(C) The closed-loop system is generally judged to be safer than the
opon-loop system as substantiated by the following arguments.
Mechanical stops can be located on both hot-gas valves so as to restrict
travel. Thrust can be restricted to values of 250K (with some sigma
variation) by s-jitable location of an opening stop, and to values of 50K
by suitable location of a closing stop. However, thrust variations
greater than nominal or less than 20 percent can be considerable before
failure is anticipated. The same it not true for mixture ratio; varia-
t4ons on the high side can result in burnout, and variations on the low
side. can result in flameout, either of which may be catastrophic. It is
not possible to locate fixed mechanical stops in the oxidizer turbine
valve for mixture ratio variation protection without seriously i educing
the operating region.

(C) If stops are located based on the nominal thrust region, then it is
possible to exceed allowable mixture ratio variation at the 20 percent
thrust level. If stops are located based on the 20 percent thrust level,
then mixture ratio variation from 5 to 7 is not possible at nominal
thrust. These considerations apply to both closed-loop and open-loop
systems. The closed-loop system will give some indication that mix-
ture ratio is entering an undesirable region; the open-loop system will
only indicate that oxidizer turbine valve position is entering an unde-
sirable region. Dynamics may preclude considerable separation
between valve position and engine mixture ratio. In the proposed sys-
tems, failure of the valve position transducer will result in failure of
the engine ior the open-ioop system for most instances; in the closed-
loop t'ie engine failure will be caused only if both the mixture ratio loop
and the valve position .ninor loop fail simultaneously. Although a
vehi2, mixture ratio controller may serve to protect the engine in
sor-s cases, in cluster applications mixture ratio failure in one engine
may be masked by the other engines.

Reliability

(U) There is expected to be some penalty in reliability of the closed-
loop system over the open-loop system because of the increase in com-
ponents; however, this will be offset to a certain extent by the redur
ancy of mixture ratio and valve positica discussed above. Accordink
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to flTht instramt atioa the cedloop sydata for texpe to2 befloe
(which is niot!ar to te ADP coninr), ege miaiture rates, are t.is t per
exposure for turbive totemsters afo 0m0021 for exposure Mr pretsurg
transdueri (abolu eti poxmicent rt is exeout -of -cabration only)
for the period of .m o 1964 thrio • hApril 1966. Thhse rtfts are fuitable

ufor this application.

Static Accuracy

(U) The static accuracy of the closed-loop system is expected to be on
the order of a percent in mixtare ratio. The object of thea cloed-loop
system in not to yelcuraneestimate l engine mixture ratoo; that is left to
the vehicle guidanz.e computer. During this report period, work was

accomplished describing expected accuracy of volumetric flow meas-
urements relative to true mass flow measurements for computing mix-

tD-yn ratio. Volumetric mixture ratio eo expected to be --'thin 5 percent
of ti e-e mass m--ourp ratio over the range of thrust. The flowmeters
each contribute co.3 percent (o-r experience), and the filtering cnd
triuntipmacation procesr is oxpected to contribute another I percent. If
pressure mecsurements are used, less accuracy is expected becarg se of
the transducers (Z percent accurate, J-2 expe.r.ence) and method of

compututrion to yield an estimated o0 perceut. The open-loop system i3
expected to yield an a -.- uracy of IS percent for a given. input current.

Dynamic Performance

(U) Precently, no problem_ in dynamic performance are anticipated
with either the closed-loop or open-loop sysitems. One possible cri-
terion may arise in the ratin of fl:el turbine time constant to oxidizer
turbine time constant; too large a discrepancy will cause a large change
in mixture ratio during fast changes of input for the open,-loop system.

Another disadvantage of the open-loop system is a loss in flexibility of
manipulation of the engine transfer function. The ability to change this
function might prove advantageous in the advent of a POGO problem or
other vehicle/engine interface instability problems.

(e) Gimbal Actuator Study

(U) During $his report period, a preliminary study of estimating sirn-
balling loads, sizing actuators and servovalves, and determining the
output power requized of a hydraulic pump was completed. 'ne results
are preliminary ones because the engine thrust structure configuration
and exact iocation of the gimbal bearing and actuator attach points are
not ret determined; however, one of the four candidate tLrust structure
designs was selected for study purposes. Some of the st,.Ly assump-
tions and results are listed below.
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GENERAL OPERATING CHARACTERISrT"CS

Gimbal Angle (in circular pattern), degrees 7

Gimbal Rate (maximum), degree/sec 30

Gimbal Acceleration (maximum), -.. ians/sec 30

Longitudinal Acceleration, g 5

Lateral Acceleration, g 1.5

Engine Momeuts of Inertia, in-lb-sec 5900 Pitch
Axis

5600 Yaw
Axia

Gimballing Loads (maximum), in-lb
At 30 deg/sec rate 332,000
At stall 500,000

ACTUATOR

Moment Arm (aoqumed), inches 31.25

Area, sq in. 5.33

Stroke (for *7 deg), inches +ý.82

Rate (maximum), in/sec 16.36

Maximum Differential Presoure, psi
At 33?,000 in-lb load moment 1992
At 500,000 in-lb load morner't 3000

Maximum Force, pound
At 332,000 in-lb load moment 10,600
At 500,000 in-lb toad moment (stall) u ",000

Power (maximum), 4p 26.34

SERVOV ALVE

Flow at 30 deg/sec gimballing, gpm 22.67

Flow Rating, gpm
At 1000-psi differential pressure 22.60
At no load 39.25
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HYDRAUTLIC PUMP

Differential P-ressure (nominal), psi 3000

Hydraulic -Fluid MIL-H{-56O6

Power (gimballirng in actuator plane), hp 39.67

Power (gimballing at 45-degree plane), hp
32 gprn at 3000 psi 56.1
32 gpm at 200O psi 37.4

(U) The study reveals that the thrust stzlicture concepts being con-
sidered will p,ýrmit a substantial moment arm (.31 inches) and thereby
mini_-4 ze the actuator force requirements. If the gimbal bearing loca-
tion -,:aised above the o-aine of the injector, the engir~e moment ef
;-eitia will iaicreas-e and raise the powec demnands; however, even thr-
'wors* as does not present a design problem.

kj;) At tl-e Air Force/RD coordination mreeting of -2? August 1966 a
diagi an-. was n-esented of the acceleration loads to be used in designing
the demonstrý_or and flight modules. These loacts are greater thaji
those used in th-e study to date. This new data will be incorporated inr-o

the gimnbal and actuator load definitioi- during the j.i-?-xt quarter.

(f) Alt-ýrnate .Er~ne Cycle, Gas Generator

(C) Dcriing the second quarter, a study was undertaken to compare two
different arrosr 'e eng-ne systems. Thc varia ions involved tapoff vs
gas generato:r ine drive- gas _,ourc-ýs. witn hot gas used to ignite the
main thrust clia'nhe'. The effort was ý,altiated tc provide backup data
based upon recent experirnei.'aI results a-cl design studies to be used
in a final svstem coinfiguir,ýfio n selecticn. Bt-cause the two systerms
h.-7re many comnmon cornporne7- s, the deý-ipn efforf currently being con-
duc'- 1 on the tapoff configura!ý.on will be. useful for either systern re-
gardless of the tina!. se~ection.

(C) Yhe two candid-ite systems are shown schematically ia figure 8.
The. first. is the tapoff driven cycle witil a hot-gas igrit*Le~r for thrust
cliameir ignitilon. Thrus and mixture ratio control are 1( hieve~d with
hcot-'--s valves ~i -)e turb.ine inlet lines. The igniter tuwn Jpýrature is
c:ýntrelled during Luc start transii~nt by thec ius~e of a liquid oxxrgeni
regulaitor, mlrd a hot -gas ignito r iscllnt-on -valve :,s tequ-,red in thie
- --nitu-r dis charg-e linei to preN z tapo~ff ga.,u-s from Cir~iulating i i Ito0L11 he

-rbodv ('ur~iic mainstaoc.
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(C) The second system is the gas generator driven cycle also using
hot-gas as the thrust chamber ignition source. One hot-gas valve is
used for engine mixture ratio control, while valves in the gas generator
liquid lines are used for thrust control. Two additional hot-gas shutoff
valves are required in the thrust chamber ignition lines, while the
igniter isolation valve is eliminated from the system.

(C) The two systems will be compared on the basis of performance,
weight, reliability, cost, risk, and operability. Preliminary results
have indicated that the tapoff cycle provides a small (1 second) per-
formance advantage over the gas generator cycle; however, current
test results have raised the possib-, ty that the tapoff gas pr-perties
may have a lower energy conten# an used in the performance calcula-
tions. If the tapoff gas properties should turn out to be closer to gas
generator properties, then the performance difference will become even
smaL -.

(C) From a weight standpoint, the two systems differ only in their
ignition systems, controls, and d dlrive gas systems. Preliminary
weight comparisons have indicat, the two are virtually identical.
The two systems both require the .... -e hot-gas manifold because it is
sized for the start condition, and the gas generator and hot-gts igniter
have no significant weight difference. Both of the combustors are sized
for the start condition and only the injector design will differ between
the two. While the gas generator system employs one extra valve, the
weight of those valves found only in the gas generator system appears
less than the weight of those valves found only in the tapoff system.
Both systems use the same four-way hot-gas distribution manifold at
the combustor exit together with the same hot-gas ducting design.

(U) From the schematic comparison, it can be seen that the differences
between the two systems lie almost entirely in controls. The tapoff
system employs eight valves and the gas generator system nine. Five
valves are common to both systems. An analysis of the module layout
indicatea that the valve changes can be made with virtually no altera-
tion to the engine packaging arrangement. This fF.ct greatly enhances
the tapoff development program, because the design is flexible and
could be converted to ; A •. eneritor design witl a minimum of effort
and time. The layouts aiso -mphasize the fact that much in-depth
design on common componcnts can be initiated early in the ADP pro-
gram without the risk of lost effort.

(U) Preliminary th :st and mixture ratio control studies indicate that
dynamics of the system controlled with turbine hot-gas valves is better
than that controlled with gas generator liquid propellant valves. Pre-
liminary studies also indicat- operation and control of the gas generator
at low thrust levels may present a problei•: becauise .. f tbe low allowable
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injector pressure drops. On the other hand, the attainment of accept-
abie turbin~e drive gas properties in the tapoff system over the mixture
ratio and thrust range of interest may present a significant development
problem.

(U) The factors of reliability, cost, risk, and operability have not been
studied quantitatively; however, a preliminary qualitative assessment
can be made. The tapoff system has the potential of being the simplest
and most reliable because of the elimination of the gas generator opera-
tion during mainstage and the simpler control problem. But it rmay
also be the most expensive, and involves the most risk, as an unknown
development quantity. However, the development risk factor is reduced
by the qexibility of the system and its ability to be readily converted to
a gas generator design.

(U) The main development advantage of the gas generator system is
the avoidance of the development of a thrust chamber tapoff port design.
This permits the hC -gas ignition ports to be designed for only one
function without compromise. It also reduces the extent and complexity
of thrust chamber testing, with a resultant decrease in development
cost. However, because much of the tapoff development testing will be
conducted on low thrust level segments and in conjunction with normal
thrubt chamber testing, the actual dollar difference will be difficult to
determine. Further effort to evaluate the two systems will continue
during the next quarter and a design decision will be made at that time.

(g) Start Dynamics

(U) A dynamic simulation of the fuel feed system was developed during
this report period. A deep chill of the cooling tubes (-400F) was
assumed in this first analysis. Also, pump surge (a region of positive
H-Q slope or discontinuity) was not simulated. A3 the study progresses,
effects of coolant tube initial temperature, pump surge, and other syu -
tern parameters will be added to the scope of the analysis.

(C) The description of the central ignitor, hot gas, and turbine flow
system was modified to reflect current configurations but remained 4n
a simplified form. Transient performance of this system is shown i i

figures 9 and 10. The valve sequencing is shown in figure 11.

(C) Pump speeds rise steadily until they reach 9044 rpm (LOX pump)
and 14240 rpm (fuel pump). These speeds are those required for the
20 percent thrust level performance. The,; are almost 40 percent of

, required for 250K thrust (because the flow coefficient is 50 per-
cent -f nominal) due to the flat H-Q characteristics. A controller
which affect& turbine valve area is responsible for this speed profile.
Fuel turbine valve area was made a function of the difference between
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14Z40 rpm and actual speed. LOX turbine valve area was
function of the difference between the ratio 9044 rpm/14Z40 rpm and
actual ratio oi LOX and fuel pump speeds. As a result, LOX and fuel
discharge pressure are very close to each other during the .Lart. The
LOX is actually slightly lower during most of the start. This pressure
profile reduces demands on the central igniter mixture ratio controller
and enhances the possibility of removing the requirement entirely.
However, as long as oscillations exist in the fuel feed system, a con-
troller will be required.

(U) Dc-velopments in the NASA SDI program are being continually re-
viewed for state-of -the -4rt applicaoility to the ADP program,. Recently
a test progr% was co--iucted investigating the priming and distribution
characteristics of the LOX manifold utilizing water and gas -wAter in
three 025-scale transparent models. With four tangential lines feedino
a toroidal manifold, symmetrical rapid priming occurred. With two'.,
symmetrical radial arms and four 90-degree tapered manifold section,,
a high velocity impact against the end of each oiection occurred, creating
a pr-ssure wave which swept back Ehrough the manifold. Th.: charac-
teristic may be undesirable at engine start. However, evaluation of the
water flow data from a manifold using 2-tangential inlets indicates it
primes uniformly. In addition to the transparent model manifolds, a
full-size four-tangential inlet manifold was constructed. This manifold
was water-flow tested at the high-flow facility, and tests results have
indicated exce"ent priming and fluid distribution characteristics. As
additional results are obtained from the SDI program, they will be
ut!'-zed in the design of the Demonstrator Module.

(2) Preliminary Design

(a) Demonstrator Module

(U) The demonstrator module layout was updated during the quarte
and is shown in figure 12. It incorporates the parallel turbine ar-
rangement established during the last quarterly effort and several
minor changes since that time. Line sizes and routings were altered
and the main propellant valves are installed in a vertical plane rather
than hori7.ontal, while the hot-gas igniter design has been integrated
with a single isolation valve and a distribution manifold.

(U) During the second quarter, in-depth design was begun on the engine
subsystems and components. Th:s effort was undertaken to reveal
some of the design problems whicti would arise and require additional
tradeoff studies, and to establish subsystem envelcpes and interfaces.
However, to avoid wasted effort on configurations wl:•ch may later be
ruled out, the areas currently receiving atten~iik are components and
subsystems which are either common or very sir-Q'r to the alternate
module designs under consideration.
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(U) The four main engine subsystems (turbine drive, propellant feed,
igniter, and thrust) were studied to establish the criteria for the initial
release of the preliminary component design sheet:., and to define the
subsystem envelopes and intrfaces. Subsystem schematics and func-
tional grouping diagrar- 9 were prepared an• incorporated in a subse-
quent revision to . ese design sheeia.

Turbine Drive Subsystem

(U) Ai.alysis of the turbine driv.; subsystems determined that the hot-
gas ducts and manifolds muint be sized for the start condition. Further
study was made of the tapoff duct configaration from a cost and manu-
factaring standpoint. The results indicate a mirror image design
which sacrifices a few pounds of weight for an ease in fabrication may
be the most attractivo,

Propellant Feed Subsystem

(U) Deepening of the propellant f t..... subsystem design covered a Cryo-
ienic seal study, a propellaitt ducvi riaterial trade-off study, and a pre-
lirrinary study of the oxidizer "Y" branch line. Five types of static
seals were considered:

1. Elastomer 0. rings

2. Metal O-rings (vented and pressuried)

3. K-seals

4. Con-o-seal

5. Naflex

(U) 1'he Naflex seal was salected because -A pr-viously conductC-4
Rocketdyne evaluation studiet. w'_izlh det:--ired that the Naflex seal
perfor' "7 well or better than ol.her c'ryogenic static seals available
at this writ-Ig, and because previous Rocketdy-ne us ge and sev-.:Zc
expe. rience is strongly in favo:r ol the Naflex s.>

(U) The propellant duct materials ccnr-;ered in the design study were
347 CRES tubing, 6061 -T6 alum•-urn extruded tubing, and Inconel 718
welded tubing. The Inconel 71 ; "-abing was selected on the basis of a
higher strength-to-weight ratic, and saperior ýapabilitj to resist ther-
mal stresses and deflections.

C 9
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(U) The study of the oxidizer branch line included an evaluation study
to determine the optimum manufacturing method to use on the Y-fitting.
The methods considered were:

1. One-piece forged billet, .3-' Lac;,ined

2. Sheet stock, 4-piece weldment

3. One-niece precision investment casting

Controlling factors, weight, cost, ease of manufacture, tooling costs,
reliability, delivery, and simplicity influenced the decision to design
this part as a (3-D machined) one-piece configuration. Braided wire
fiexible hoses were also considered in the design evaluation of the
oxidizer branch line assembly. H.igh weight and pressure loss were
the significant reasons for rejection of this configuraion.

Igniter Subsystem

(U) Analysis of the igniter subsystem was made to help define condi-
tions duriag the start transient and also to define the igniter gas/tapoff
gas inter-relationships, Through this study, it was determined that it
was desirable to isolate the hot-gas igniter body and injector from the
tapoff gases flowing during mainstage. At this time, it appears that a
check valve as previously envirioned is unsatisfactory because pres-
sure in the igniter is always greater than that in the tapoff duct until
the igniter is sealed off. This Iz-d to a tentative design of an integrated
hot-gas igniter body and poppet valve. The design shown in figuie 13
also integrates the hot-gas plenutn chamber distribution manifold with
the igniter body and valve. The manifold has four openings wit1h .ach
tapoff duct inlet cu-li' ear with a turbine drive duct outlet. This design
thereby minimizes the steady-state tapoff hot-gas pressure drop
through the distribution manifold.

Thrust Subsystem

(U) The thrust subsystem was studied to improve accessibility and to
analyze the thrust structure. The accessibility study determined that
the oxidizer and tapoff ducts should be designed with a joint at a diame-
ter greater than the central thrust structure beams. This would per-
mit the thrust chamber to be deti-ched from the structure and dropped
free of the components mounted in the well with no "nterference.
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(U) The method of mounting the pumps on the. thrust structure was
studied, and a preliminary concept which features adjustability in all
three axes is shown in figure 14.

(U) A deeper thrust structure trade study was initiated primarily to
re-evaluate the weight, assembly. and accessibility aspects of this
component assembly. Figure 15 depicts 25 basic concepts in three
basic categories using the module gimbal point as a means of classifi-
cation: (1) locating the gimbal point at the elevation oi the injector face,
(2) and (3) locating tne gimbal point at increasing elevations above the
injector face. A limit of 13 inches was placed on the lowest elevation
to be occupied by the structure, because of volume requirements for
module components within the thrust chamber centerbody cavity. The
upper limit it, cc.-hlirhed bv dynamic envelope and engine length re-
quirements from, module application cvizidtratinns. Out of the 25
concepts, four candidates (figure 16) have been selected for mr.-c::-
tensive evaluation preparatory to the final selection. Figure 17 shows
the plot of weight vs height for the truss configuration and is the same
in general for the beams. Figure 18 shows the dimensional geometry
of the module related to available space for the thrust structure. A
plot of the module dyaamic envelope radius vs gimbal point elevation is
shown in figure 19 for the 7-degree circular gimbal pattern.

(U) Final analysis and evaluation of the thrust structure trade study

will be completed next quarLer.

(b) Flight Module

(C) Preliminary layouts of the 250K and ?50K flight modules were pre-
pared for use in the applications study. A nominal 350K engine is
shown in figure 20, This engine delivers a vacuum thrust of 350K
operating at an engine mixture ratio of 6:1. The annular combustion
chamber operates at 1500 psia (nozzle stagnation), and the products of
combustion are expanded along a shrouded, truncated, 25-percent
length spike nozzle.

(C) As shown in the general arrangement drawing, the gimbal point is
ýn the plane of maximurl diameter and, thus, the dynamic diameter
during gimballing is the same as the static diameter for this
configuration.
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(C) Parameotric eagine pettorrawai, 0e4kc, MW pgeolwsor"d w'",

Ien-oratedflt or b,~P~ ofthe MI~a*j parameters W4m Awdo W.
YPL oni 9 Augu.-I 196o.

Thrust, pounds x_ 10 A~ 15*,ZOO 250,, 300,-,360

Chamier Pressure Inossis
istagnation). psia 750, 1000, 1250, 1500, 1150, 2000

Engine Mixture Ratio 5.0, 5.5. 6.0,.6.5. 7.0

Engine. Diameter, inches 8o to 120

(C) Th. data are based on the premise thot 'each **in*i will, be capable
of operating at the design thrust level over a miaiW" ratio excursion
from 5 to?7 with a nomilnal at 6. System geometry was, therefore,
established in each case for a mixture ratio of 6. afii performance was
thiin deteraxined over the required mixture rafti ranoe -for each jeo,
"mtry. The noinalW chamber proa~sa* used irt the -study were es1tab-
lished to exist at Mixture-ratio of 6. because of performance chuges
which resUlted from mixture ratio vairiati". chamber pressure, rmnust
vary when thrust ist held cionstant. The effect of m ixture ratio varia tion
on chamber pressure at constant thrust is shown in figure 21. It should
be noted that thisa figure applies to all values of nontint6i thrust and
diameter. Variations over, the thrust and diameter range considered
here wer'm shown to be insignificant.

Subsequent to the preparation of the parametric data, the program
was reoriented by RPL to remov.- the requ:,ement for constant thrust
capability over the miittre ratio excursion. The design direction to be
taken in response to this change is currently being evaluated.

(c) Turbopumpia

Hydrogen Pump

(C)ý A summary of ,ýN f uel turbopiunip operating requiremetits is
in, Table C. The estabAiabrent of the maximum opereting head of, the'
fuel pump at 89.116 foet (Table 4), required a re-ievalu~adtm' of the salec-
tic. of the type of pump best able to meet this requirement. The three
types of configurations re-evaluated were:

1. Single -stage., inducer/ centrifugal pump (I -1/2 sftaes)

2.1 Sin~gle-stpffe, muide-anood Q68t~ifuAl Pump (multistaie ra~ila)

3. Two-stage, coaftz!ual pm

*Th. data will be, exterded to include 2250 poia next quarter.
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TANSZ 4

FUEL TURN4PMP OR3*IG REQUUW!8

Nominal maximum
Mixture Ratio 0

Flowrate, lb/iec

Discharge Pressure, psia 2635 3014

Head, feet 81,669 92,840

Flow, gpm 8449 9428
NPSH, feet 60 60

Turbine

Inlet Pressure, psia 1017 1438

Inlet Temperature, F 1500 1500

Horsepower 15,708 19,278

NOTE: TRO 10 hours
Restarts 10i
Throttling ratio 5:1

53

'7m

- _ _3

)-- ... -



"~ ~....... _'Aid

The pump parameters at the design point are shown in Table 5 and H-Q
and efficiency curves for the three typ-.s are shown in Figure 22. The
evaluatioa of the pumps was made on the ba3is of:

Life
Weight
Hydrodynamic Performance
Uprating Capability
Manufacturing Difficulty
Efficiency
Off Design Performdnce
structural Design
Maximum Bearing DN
Maximum Seal Speed
Overall mensi-,ns

(U) Table 6 is a compilation of properties of possible impeller rrateri-
als. Titarnium and several aluminum alloys were chosen for their good
strength-to-weight ratio. Ductility, ease of fabrication, and history of
successful use as impeller material were also considered. Figures 23
and 24 indicate maximum allowable tip speed for various impeller back
plate configuration and matirials. These tip speeds were calculated in
accordance with established Rocketdyne burst speed policy; i. e., the
maximum allowable speed equals to 75 percent of the burst speed. The
effect of peak stress due to bending, was not included], and may decrease
these allowable speeds somewhat. A weight comparison of the two-
stage impeller configurations fa;r aluminum and titanium is shown in
Table 7.

(U) One of the important considerations with respect to the multistaged
radial pump is the maintenance of minimun. tip clearance, and to evalu-

e this a preliminary structural analysis of a volute configuration for
,ae radially staged LH2 pump was unnerta'.en. Figure 25 is a repre-
sentation of the deflected shape of the vol •e due to internal maximrnum
pressure. The magnitude of the calculated deflection- are shown in
several locations. These valuesu may be reduced by increasing the
thickness of the volute in certain areas and by designing the volute in-
let guide vanes to tarry compresnive loads. Other sonrcea of at, uc-
tural displacement. affocý;& tCie tip clearance, are also tabulated in
figure 25.

(U) A summary of the comparison oi the three LH2 pump configurations
is shown in Table &. Based on weight, efficiency, uprating capability
and off-design performance characteristics, the I-I/2-stage pump was
eliminated from further consideration. The choice between the two-
stage centrifugal and the radial -staged pump was more difficult. Weight
efficiency were about equal. Reliability and long life, achieved through

!5
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the design approach of as few parts as possible, a nimum number of
joints and high-pressure leak paths, elimination of stress areas and
material selection for adequate strength, was roughly equivalent. The
problem area of the cross over lines on the two-staLe design was
balanced by the problem of maintaining rotor tip clearances on the
multistaged radial. Seal speeds and bearing DN values were almost
identical; however, the H-Q characteristic of the radial-stiged pump
was steeper, which is more desirable from a throttling staridpoint.

(U) The final decision, the selection of the two-staged cent~rifugal pump,
was not based, therefore, on any technical superiority, but on the lack
of empirical data on the stall characteristics of the radial-staged pump
wh. -h would require additional testing.

Oxidizer Pump

tC) The preliminary LOX pump parameters are summarized in
Table 9. The LOX turbopump, is proposed, operated at a speed of
25,000 rpm and utilized an outboard bearing on the turbine end of the
shaft which was lubricated with liquid hydrogen. The problem of dis-
tortion in the hot bearing support and the complexity of piping liquid
hydrogen to the LOX turbopump bearing resulted in the evaiuation of ar
overhung turbine design. The required small inlet diameter of the
pump at Z5,00Q rpm resulted in a critical speed problem with the over-
hung design which was resolved by decreasing the pump speed to
20,000 rpm. This increased the pump inlet diameter, thus increasing
the shaft diameter, however, it reduced the turbine u/c ratio and re-
sulted in an increase in turbine weight flow. A larger turbine diameter
is cu.rently bcing investigated. .. hwl wll 4 dd weight but re-estabish
the lower turbine weight flow, Evaluation of the two configurations is
continuing.

(d) Thrust Chamber

(U) The demonstrator modul, thrust chamber design effort was deep-
ened to include dcailed analysis of the structure, combustor, injector,
heat transfer, and nozzle.

Structure

(C) During this report period, the design approach to the chamber wall
structure has been defined. The design selected embodies a chamber
wall stri 'ure of titanium alloy (6AI -4V). Nickel coolant tubes will be
brazed to a thin In'-rel 718 backup member (either bands or a complete
sheet) which in turn will be epoxy-bonded to the titanium structural
wall. In lddicion, the chamber walls will be linked together by bolting
through the 40 chamber baffles. This structuril tie will maintain the

63



U')9

FA0J00-
"aVt "

P4~ '



Ji

throat gap within acceptable lirmts during firing and will result in a
significantly lower chamber weight over an unlinked design.

(U) This design approach resulted from a parallel and competitive de-
sign study which compared a conventicoal Inconel 718 structure (fig-
ure 26). the selected machined titanium alloy configuration (figure 27),
and more advanced structural concepts of honeycomb (figure Z8) and
press diffusion-bonded titanium (figure 29). The critt -ia for selection
in this design study were weight, manufaýcure and assembly, cost, and
experience as seen in Table 10. 7": more advanced honeycomb and
diffusion-bonded titanium designs will reequire developrment of the
specific f,,brication method which wouid req•,-ve more time than avail-
able for the demonstrator module. They were therefore eliminated for
the demonstrator and 20K segment. They do point out the potential of
advanced fabrication techniques for the flight module.

(U) Table lO.Design Comparison Study

Chamber Manufacture
Design Weight Experience and Cost

As sembly

Machined Difficult to990 State -of -the -Art Moderate
Inco 718 machine

New assem-

Machincd bly tech-
Titanium 750 Semiadvanced niques Moderate

requit ed for
epoxy
assembly

Titanium Difficult toHoneycomb 650 Advanced machine and I-ligh
assemble

Diffusion- Extrem,--iy
Bonded 600 Advanced difficult to High
Titanium assemble

(U) titanium was selected for the chamber wall structure because of
its extremely high strength-to-weight -r:tio. Ar_-oximately 00 pounds
weight savings can be effected with titanium ov . an Inconel 718 con-
figuration. Fabrication of Lhe titanium wall will be achieved by mz
chining a ring forging to the ,_onfigurat~on required to yield the highest
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strength-to-weight d4#Mgn. This method was selecte4 weo a u..:hinsd
and welded assembly because i. can be designed to higbis strews* levels
due to the absence of welding.

(U) The selected baffle coolant circuit is shwAft In ftgure 30. Pr*esur
drops shown represent increases above condgtoiw that already exist*in
the chamber as a result of cooling of the tube bUndie. This drl.i
combined the most desirable features of the two alternate coutrattions
shown. In this design, both the pressure drop aud bulk teinperaturo
rise of the separate flow paths have been balanced before they "re
combined in cooling of the outer wall immediately upstream of the throa&,.
Furthermore, the baffle is separated from the injector assembly which
ensures easier installation of the injector on the chamber wall assembly.

(C) Two concepts (figure 31) were studied for the structural tie between
the inner and outer chamber bodies. The first was the selected tie
through the chamber baffles as seen in figure 27, wl1''le the second was
to employ structural ties in the subsonic portion of the combustor im-
mediately upstream of the throat (figure 32). Chamber stability baffles
would still be required with this design.

(C) The initial results of this study indicated that 80 subsonic ties
together with 40 stability baffles would yield the lightest weight cham-
ber assembly. Detailed design and analysis revealed that with 80 pre-
loaded ties the predicted weight increased, while the amount of chamber
blockage increased the heat flux on this tie from approximately 15 Btu/
in 2 -sec-F to 28 Btu/in2 -sec-F, and therefore increased the coolant
pressure drop required to cool the tie. Furthermore, with both a sub-
sonic tie and a stability baffle to cool, the hydrogen coolant circuit be-
cobtae undesirably complex. For these reasons, the 80 separate struc-
tural tie design was abandoned in favor of using bolts through the 40
bafflcb.

Combustor Configuration

(C) The combustor as described in the first quarterly report is identi-
cal to that of the 250K experimental thrust chamber, and it is 2 inches
wide and 6 inches from the injector face to the throat. The cc¢mbustor
side walls are parallel and *he range angle of approach to the throat is
40 degrees. The effective contraction ratio is 7.1:1, and the effective
L* is 40 inches. The combustor volume is divided into 40 compart-
ments by full-length structural baffles.
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Inject,._ Configuration

(C) The demonstrator module injector pattern will be the same as the
250K experiment'l injector with modifications found necessary in the
test program. The design characteristics are given in Table II. The
pattern features a continuous raised hydrogen post which is ' cated
between recessed LOX flat stripr. Two LOX j ts impinge below the
hydrogen post to form a LOX fan.

Table 1. Injector Characteristicsc,
250K Injector

Characteristic H2 System .2 System

79.21 lb/sec at 150U psia P 47t.26 lbise- at.tot 1500 ps'a P
C

Ap 400 psi at 1500 P 375 psi at 1500 P
C c

T 400 R
0H

H2

p0 2  
70 l-/ft 3

No. of or-lices 2800 (includes biaq) 4,4RO0

Dhole 0.070 inclh 3,0368 inch

Atotal 9.07 sq in. 4 _7 8q in.

Cd 0.90 0 9_

STDi f:P COME(MTR Y

H 2 Post Height 0. 1i nTc10 abo ve LC> rip

H, PR,.-to-Impingement stance 0C 160 Anch

Angle 'TOX to LOX inclu&cud) 60 degrees

Overall P -ight of Strip 0.498 inch

No. of elements per striu 8

7
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rhrust Chamber Heat Transfer

(U) The design for the 250K demnonst.rator engine c~ooling tubes will
commence in the next quarter. It will incorporate the latest infor,,na-
tion concel-ning heat flux, choice of wall. material and operating temn-
perature limits for long life, tube roughness., which can be reasonably
expected based on Ž2.5K tube segments, and coo'*ant curvatu.re enhance.
ments. Effects of baffle design which is currently in progress on the
tube cooling requiremients will be considered.

Nozzle Contour

(U) Tha contour and shroud configuration for the demonstratoi module
thrust chamber were selected or he basis of high performance at all
alititudes and heat transfer coasiderations. The latter involved a
shock-boundary layer interaction~ phenomenon which could po)esibly
lead to local bouindary layer aeparation and adverge. local heat fluxes.
B~oth the pei~iornmance eatirn-~ates and the predicti:on of the shock-
boundary layer effect are highly dopendent on the predicted wall pres-
sure profiles.

(U) To verify the theoretical calculation techniques employed Lo predict
the wall pressure, profile an experimnental cold flow nozzle test series
was condu~cted under separate Task. The cold flow .Iodel employed in
the test series was a two-dimensional qua~rter-scale segment of the
250K experimental, hrust cha-mber. Both analytical and experimental
wall pressure profiueýs for a tpical data run are shown in figure 33.
Th-e results of th(.,5e tests confirm3 that the analytical model employed
to predlict walli pressure profiles of the 250K experimental t.hrust charn~-
oer is more than adequate, Based on these model tests, it can be con-
clluded thlat high tlozzlV, rerfor-nance will be obtained a'L all altitudes andI
t.hat no -.clvýr3e heat transfe7r ccmdiltiort. will occur as a result of shock-
bmot)Auary layer interaction.

Problem Ai _af; and 5ol111 _

c-) trc hhIn. uY i t .-L1 'JýSg ~ctf rroaalcc of tl-ý
~~~o i-0 x -XJe~d t- 7c~t2y 's (suc~h -1 'c e r at'U r

- ýa C'f;CLy ý-' 1 :' tcqpcff '3 st. Off ; m iui. C'n
I 'u n a I ,3 w' -f-Llc' -:11 It c xropert e remain

th iu'Aigout' i Pdni~c ii ~ b~ons will 0 ý
0.n1)diftý:d J ne's a: llý- re ý' 11 -. T4 - c hit roagn'tude
o.,~ h~xe- ~n .~ra : by alc' uiýtinp, ý.nine. oPrforrmance 't

ttile rn rt i'~nxturIe att ic i of 6. operýýtit-g poi~all asailing a
B tcn~4: V.~ ~s in tdou pff gas tnert'au~-t Uoks. t.1z
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conditioai. The results showod a -1.1 cecond decrease in specific im-
pulse, iudicating that a very subatetanal decrease 1st the ei1ergy couterA
of the tapoff gases at throttled conditionst will not sariouslr penalize
engine performt~ncel

(3) Hot-Gas Ignition

(C) Hot-.gas ignition of the mnaint -hamber haE been a problem area
which is being studied under a sepai~aLe test p'ragram. The rzquired
hot -gas and liquid propellant conditions for smooth repeatable starts
are being determined. Problems in igniting Iliquid hydrogen earlier in
the quarter have been overcome, and resuits to date have been quite
satisfactory. Ignitions have been achieved witha a ho' -gas temperature
as low as 1370 OF at the proper sequence mixture ratio and with liquid
hydrogen. Data from this program will be uged to finalize the thrust
chamnber and ignition system-i designs.

(3) Hydrogen Feed System Start Transient

(U) A major start transient problem area may be large flow oscilla-
tions in thi.. main Ifuel feed system. An analog of this system could be
a line filled with a cryogenic fluid, a valve, and a large bottle with a
small hole discharging to atmosphere (as shown below). The bottle

A Q

is the codling tubes aind the smiall hoie is the throat section or, the tubes.
When the valve is opened, liquid flows into the warm contaiAner and
turns to gas which is compressed at relatively high pressure. Being a
gas, iý cannot escape rapidly enough out of the small hole, therefore a
flow reversal or oscillation occurs in the line. Two things can happen
to stabilize the systern. The container chills to liquid temperature
reducing gas formation., or line pressure increases decreasing
capacitance.

(U) If I-hese -oscillations are severe enough, they can drive t',- purdp
into an unfavorable operatiaig region such as a "surge' or "stall' region
from which recovery may be difficult. It appears that somea sort of
auxiliary flow syjsttem will be req_ýred to maintaill pum~p flowrate abovJe
some nunimunm value. This systern ma,,, take the form of fuel p-amp

reIrcu 'on, ;r fucl -',:.n~p ;nto the tuL- turbinedsc.geLOtubn

COI ~IJENTIAL
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(4) ot-Gsir Priming and Vagvi $eqt 4;06

(U) The problem of main oxt tdisr iystem perie is being studied
under the NASA $y~this Dyszamics invest hateon Program Cossuract
NAS 8t-9. This lstudy is investigating 1 lrg priming volumes and times
and is considerip n the technical problems of multiple lines, srinletr-
c-al and wisynrattrical.confindiona. baffles, and orifioigg. i

(,) Priming thh nriain oxidizer system and sequevcing the mast in LOX
valve will be a criaical point in the start sequetcing. Wioh a relatively
flat li-C prrnp curve, fuel flowrate drop. into thesturge regiond and may
not recove . T'hus, a two-step with ramp secondary opening main LOX
valve at, ured in -? type engineo may be required and is shown in fig-
ure 1I. Increasing the negative slope of the H-Q map will decrease, the
criticality oi these requirements.

(5) Hot-Gas Priming

(U) Gas dynamics and heat transfer is expected to be important in the
hot-gas system. This syste .m is sized to have minimnum pressure drop
to maximize available turbine starting torque. Its flow capacity is
actually larger than that required to drive the engine at 100-percent
thrust. This large capacity creates a large priming volume and heat
transfer area, signifying that gas dynamics and heat transfer will be
important as i. wa with the J-2 crossover duct

(6) Oxidizer Propellant Fe-ed Line Configuration

(',') The oxidizer propellant feed line cnrnfigu ition. is still an uire-
solved problem area. The cuirrttrt layout 3hc- s two symmietrical
branch liAnes from tic pump to the tharust chair er manifold. The LCrv
priming st;dtes being conducted on the N4ASA Systems Dynamics Inves-

tgonprogram are considering two, four, symmetrical, and unsyme-
trical briýn-.+ lines. The later design appears to decrease the priming
time and provide a more uniform oxidizer distribution in the manifold.
The effec-'s- of unvymrnstrical lines has not yet been determined, and
the packaging problem of more than two lines has not been assessed.
The final design config-"ration must therefore await further results
from the Systems Dynz. :nics Investigation togethez with design trade-off
studies.

81

CONFIDENTIAl.



(7)~~~ ~ ~~ ,.:.t C~nelbutMam br rw

()thritmunt Chewier/Theusthroat Thembr wal Growathdi

contraction as a_ result of imtroduclng iluVd hjtroofmlte t0e ripsft -
Uv. Cool*n circuit prior to muai chamber a&itt Nowevor, whe
thrust mount structurs will remain at appr admat-` W~est teonra
ture, resultial iL a tendency toward relative v~ft* imotenat between
these two components which produces load@ on the *hrust wmount cone
sttucture. The two components must therefore be isoteted Mechanically.
This may be accompliehe through the use of a thermal expansion con-
nection concept at tho component's circumferentia~l L-terface which wtll
allow unrestrained radiai movement during component tesperature
differences with no effect on concentric alignment. The technique will
still provide a rigid load path during engine thrust, dry Simballing,
shipping, and handling.

(8) Fuel Turbine Seal

(U) A p~roblem area in the fuel turbopump is the rotating seal between
the second 2tage pumnp inlet and the turbine. In this location, the pres -
sure difference between "he fN41 pressure and the turbine pressure is
greater than can be handled by the seal bellows. A partial solution to
the problem is to use a conventional ý.urbine arrangement instead of the
reversed flow turbine as this pu~ts tht higher pressure atage next to the
pump inlet, decreasing somewhat the presoure difference. To further
docrease the pressure differential, additional labyrinth and a seal may
be required.

(9) Preinducer Drive

(U) The LOX turbopump design requires the LOX preinducer to gener-
ate a relatively high load, This, co,,abined with the NPSH specification,
in causing matching problems between the preinducer and the main
impeller. During throttling opera..ion, the preinducer flow coefficient
decreases more rapidly as the pump flow is dropped. Oae solution
would be the use of a high-speed inducer attached to the main purmp;
however, this wli~i increase the largest of the unit as well as add weight.
Additional matching rstudies are underway.

d. Summary of Planned Effo

(1) System Analysis

(U) The nominal a.ngina design point balanc, will be continually up-
dated as componeint designs become final. A criteria for establishing
the uppe. limit of thrust over ths mixture ratio range will be established
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early in the next report period and component design roquiromemo.
modified as necessary to reflect this decision.

(U) Selection of the control loop for mixture ratio and thrust will be
accomplished in the next report period. Analog computer design
parameter studios will be completed and control component parameters
requirements defined. Design of the control system will be initiated.

(U) The evaluation of tapoff vs gas generator cycle will be completed
and component design requirements modified as necessary to reflect
the decision.

(U) Conversion of the digital model to the IBM 360 system will be
completed early in the next quarter. Evaluation of candidate hydrogen
dump and bypass schemes to minimize hydrogen cooling tube insta-
bility and avoid pump operation in the surge region will be conducted.
Hot-gas valve transient requirements for balanced speed buildup under
both sea level and altitud - conditions will be determined. The dy-
namics of the hot-gas igniter, including priming transient and tendencies
towards chugging, and control response requirements will be evaluated.
A bimulation of the shutdown sequence will ba accomplished to evaluate
cutoff -roblems and establish valve rates.

(2) Preliminary Design

(U) A study of propellant feed subsystem assembly and maintainability
will ba made in addition to a study of duct routing that will provide for
better system isolation. In-depth design studies will be performed to
optimize the number of Lxidizer branch lines (utilizing inputs from the
NASA SDI program), to determine the optimum method for supporting
the turbopump-, to further evaluate cryogenic seals for sL-tic applica-
tions, and to select the best technique for thermal isolation of hot
components.

(U) The thrust structure trade study will be completed-and a thrL-.t
structure selected for the --iodule. The thrust subsystem design lay
out will be carried through a second iteration. The engine general
arrangement will be modified as necessary to reflect the pending de-
cision relative to type of control loop and turbine drive gas source.

(C) The Z5OK arid 350K module parametric performance and weight
data will be modified as necessary to reflect desigr decisions durlg
the course of the study. Sensitivity of systerr performatnce to compo-
nent variation, such as turbine inlet temperatures, turbopump efficien-
cies, system AP nozzle perc -it length. and etc. will be investigated
during the next quarter.
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(U) Optimization of the preinducer drive design will Catnoue to arrive
at minimum weight and also and maximuA overau e0c1acy, Dusign
problems and advantages of the following coafturadOm* are being
investigated.

1. Through flow preinducer

2. High-pressure tip turbine preinducer

3. Gear driven preinducer

Separate gas turbine driven preinducer

The turbopump design effort will be deepened to incluca more compre-
hensive and detailed hydrodynamic, turbine, stress and dynamic
analysis, and the problems of the fuel turbine rotating seal and oxidizer
turbine diameter will be resolved.

(U) During the next report period, design definitions of the titanium
structural wall will be achieved. Finalization of this component will
involve consideration of such factors as stru.ctural tie baffle attachment,
load paths, coolant circuit manifolds and transfer ducting, hot-gas tap-
off, and the interfaces between the char.ber wall and the injector, base
closure, fuel inlet, and thrust rn',unt. Design of the coolant tube bundle
attachment to th- structural -"l will ba supported by data on various
epoxy comF"':...

(U) Further definition of the inje .,:r assembly will also be conducted.
Pri,,aary emphasis will brc placed on seal type and bolt locýtion.

(U) Prelimirnary design of the hot-gas valves, main ,nxidizer valve and
main fuel valvw will be initiated during the next cuart-r.
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2. APPLICATIONS STUDY

a. Status

(U) The applications study task was initiated diwing the last bs# of this
quarter (mid-July). Preliminary vehicle layout drawings we" med
and structural studies began to generate preliminary parametric suer-
face areas and engine installation w ights as defined by the Air Force
application packages. The structural effort during. the report period
was concentrated on studying the eataa.is of "state-of-the-art" thrust
structures and related systems that are required to complete the
vehicle insta!.ation. These data combined with eagin, module par&-
metric data will be fed into a high-spoed computer program to generate
the defined performance index data required for all the vehicles. As
the prelirninary parametric data it refined, it wiU be fed back into the
program to help converge on the recon,.sndei common enene modales;
one for the 250K and one for the 350K vehicles.

b. Progress During Report Period

(1) Performance Index Analysis

(U) In comparing module concepts and optimizing engine parameters,
th* performance index is used as e basi3 of evaluation. The equation,
presented in the application packages which defines the performance
indt. is shown below:

W, -L -1~i ~- K Wt '.5 A +O0.0 (W ' WbC

1 50n;000

The performance index approxi•,..48s %he stage burnout weig. t de-
creased by the weight of the e-.;ne modules and engine-depei lent
weights, with consideration of growth potential for the reusable sta6-s.
The engine module performance is reflected in the teri. burnout weight,
Wa Other factors, such a.; module geometry, weight, interstage and
fairing structure, etc., are also accounted for.

(U) With the aid of the Rocketdyne -design, -i IBM computer programs,
the performance index tochnique is b'.•ng uti,.zed to optimize engine
and engine-vehicle int-gration •crnponent -1'-racteristics. TTsing
preliminar, es, mates ol engine installation weights, interstage and
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fairing surface areac, etc., exchange factors were first generated.
These exchange factors are being employed to facilitate the formulation
and selection of design concepts regarding module location and arrange-
ment, thrust structure configuration, feed line routiaLg, interstage and
fairing areas. During this report period, the performance index pro-
grams have been designed for use for both the 250K an.v the 350K
modules.

(U) A zonsistent procedure for maintaining records orn performance
index calculation inputs and results has been established. A continu-
ous log is being kept to document all pertinent information that went
into the computation for each series of performance index calculations.
Summary records, graphs, and charts are also maintained for quick
reference and rapid comparison.

(2) Installation

(U) Examination of each of the -ix Advanced 250K Vehicles was initi-
ated and preliminary conceptual installation layouts prepared. Factors,
such as fairing and interstage surface areas, maximum skirt diameter,
,nd installation weight, which influenced tne performance index are
being evaluated with the aid of exchange factors. The range of engine
diameters under investigation are from 80 to 120 incljes.

(U) The two candidate engine arrangements evaluated to date for cases
1 c-d 3 are showr in figure 34. Each vehicle was evaluated with
respect to overall engine diameter and engine arrangement. Perform-
ance index reductions due to increases in fairing area a,,d maximum
fairing skirt diameter were computed. Results for Cases 1 and 3 are
shown in figures 35 and 36, respectively. These graphs are basEd on
rrangements A ,)ne inboardfour outboard engines) and B (five engines

in a circular pattern). A comparison of both engine arrangements for
each vehicle indicates that mounting the engines in a circular pattern
results in lower losses; however, this corfigur:tion has the disadvan-
tage of not being sym•metrical with respec, to thrust vector control
(TVC) about the pitch and y?, axes. During the Air Fc-ce coordination
meeting of 29 Augr -t 1 '66, Rocketdyne was directed to limit the clus-
tering arrangement to be studied for all 1 engine clusters to that
depicted in figure 34, arrangement 1.

(U) A candidate Arrangement I thrust structure, similar LO the con-
cept use' on the Saturn S-Il stage, is illustrat i in figure 37. The
thrust saructure consists of skin-stringer cornical shell. This shell
transfers engine thrust iuads to the perimeter of the main struc'.aral
ring. The four outboard eL4.ne thrust loadt are applied directly
through the gimbal block to the " rngeronis. The center module thrust
is reacted by two ci -cs beams These beams transfer the load to the
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longerons. The cro,.s beams also react the horizontal force compo-
nent of the module thrust load at the tongerons. The total thrust loads
are thus sheared into the skin-striager shell. Frames are provided on
the thrust structure for gene-:.! qhill stability. Kick loads from the
longerons and from the conical shell also have to be considered in the
design of the framez..

(U) Parameters affecting the frames, loIgeron and cross beam design
are the magnitude and sense of the module kick loads. The kick loads
are dependent 'Ipori the (1) location of the frames at the extremities of
the longerons, (2) the location of the cross beam to longei in attach-
ment, and (3) the 'VC actuator attachment location. The longeron-t --
shell stiffness ratio influences the conical shell compression load dis-
tribution (determined through a shear lagt analysis). The shell ýkin-,
stringer axial load car rying capablity is ilso determ•ined by the framne
locations.

(U) Cases 2 and 6 are single engine Installations and were evaluated
differently than the miultiengine installations. In Case 2, performance
index reduction caused by increa,-es in interstage area as a function of
engine/s 'hicle thrust strv turc ount height is shown in figure 38.
Minimum mount heights for each engine diameter occur at that height
for which the overall interstage ]-ngth is approximately 8 feet, Fig-
ure 38 iadicates that for a givent mounmt hight, the larger performance
index reduction occurs with the lZ0-inch,-dianmeter engine. Prelimi
nary analysis revealed t-"at Case 6 irnterstage area is, indeneindent of
t.ru.s. struttui :ýnount heigl-tt ha use cf the fixed 20 fec.t diameter at

f'c aft end of inter..ttage -ind the i mitin'g .5-degree surface angi -, In
£ se A, performnance ind x reci.ctios caused ly increases im fairiric

.-ca i- .hown in figure 39. Th,- range of n•odule diameters does lot
*,t;i.' C the envelope gcner.'tz .i by dei iL,.erstage surface. fITbrust

u x a-~'xl fe) jfl 'vittas aI Lcu-ctianor ),ne'int height is1nei5

o'm ii............
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(U) The variation in performance index wer. stu,:, id with respect to
fairing area and maximum airing skirt diameter. A graph (figure 41)
of relative performance index decrease vs module diameter for the
three arrangements shows that the smallest losses with respect to
fairing area and maximum skirt diameter occur with Arrangement C
for the range of module diameters considered however, Arrangements
A and B have the ad'vantage of being symmetrical with respect to thrust
vector contr.2 about the yaw and pitch axis. On 31 August 1966, AFRPL
provided the study ground rule that multiengine installations must be
symmetrical about the pitch axis and the yaw axis, thus eliminating
Configuration C from further consideration.

(U) Two engine arrangements are being evaluated for Case 5. Fig-
ure 42 shows the tank-end and between-tank mounting con'•gurations.
The between-tank installation has a smaller fairing area compared To
the tank-end design; however, it has a higher propellant feed line
weight. A study is underway to establish the optimum installation
configuration.

(U) Two concept- of pyramidal thrust structure have been studied for
this case. One concept, the tubular design, carries module loads in
four main compression members from the thrust forging to the vehi-le
(figure 43). The other concept, a sheet-stringer design, carries
module loads to the vehicle by means of longitudinal stringers stabilized
by a thin skir Jfigure 44).

(U) The tubuLr design is governed priinarilv by column buckling con-

sideration,-. The main thrust members have holilow circular-tube
cross sections. The hollow circular tube i- the most efficient section ,
in column buckling because, in a column free to buckle about a4iy axis,

it provides the greatest stiffness Per -nit area. Tubular cross-

members are employed to break dhe relatively long unsupported length

of the man irt albers into a number 51iorter columns, thus increas-
inl. the t iitical buckling load of the main members.

(U) The sneet.- uci.lger design utilizes several Z-section s's ingers to

carry the module loads to the vehicle. Thin sheet is r.v,'ted to the
stringers. A i) tential weight advantage exi-ts for this type of struc-

ture over the t I)ular design. This advantage arises from the fact that
the thin sheet a> ts to prevent the .,tringer froar buckling abcut their

axis of m in; u"M st ifne) s s. Thas, a deep ý•ccti )n (such as the -

sections), with a stiffnc s s/w eight r'atio grea' r 0h1in tbular mefmbers,

all 1La Iised.
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(U) Because of the n-o,,nting requirements, several departures froxa.
a standard sheet-stringer design are necessary. First, the vehicle
mounting provisions are two paralltel channels. Thus a conical struc-
ture, which would provide the most efficient struc Wrv cannot be used.
Second, the v.ehic~e mnotnting channels are not co),nected by cross-
memibers. For this reason, stringers' cannot be use-I on two faces vi
thiý py..amidal btructure, " _caube there woula be nothing to react fAxei.'
loacting. On these ,w faces, nece~sary shear stabilization will be pro-
vided ),V diagonal braces, c-i pos~sibly sheet attached to the buckling

support mtrnbers,

(U he s;af :ty factox and ldU criJR1eria to be used in th,- design of
t~.e -vehicle, installatiun c ýnpornents weTe derivvd. The safety I£dctor

ultirnai! mate-ia." sv,,ength and th~e m~iximnumn ;-de loadingr fromi the
thrus! ve~cr controal ý,wstemn were s3e-:ified. To iflis basic cr'iteriaI

wE ~e adde~t the recý_6red salety factor on rnateriai yield strength and
column LbuckJ.-ng load, the x._:iximunI acceleration that vvould be en-I
coiintered the limit load factor to be used in conjunction with these
acceLeration, thrust, ai-d ut)-2r loads, and the proof -presý_are factor
for pressurized compone.cs, 'The criteria derived are sho,-'' in
Tables 12, 13, ar-d 14 for :he 250,000-pound mA1.A similar
approach is being Litilized for the 35-0,000-pc-ind module insta~lations.

(c) Pro~blem Areas and S,_)utions

(IT) There were no significarf problemns ox- dhiovs i. 'fie appricaý.ion
stud ; 'arioF- -ie fir st quart-r.

'dI) S- -mLi-ry of Planned Effort

(UJ) 1', ri i~ h he n oxt ~ et u tiitý aian ~ric v,

U 'stiia r-,a sai. as vehicic s ' 't' s , propeI!:-.nt

lire.~ ~ 1 aI j-1

.110
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TABLE 12

SIDE LOADING FROM THRUST VECTOR CONTROL

Mvaximurrn atitude
Case Thi-~~apud Mechanical Side Injectio.i

1,5000 150,000 87,500

2' '5 o,0(110) 30,000 17,500

3 1, ~*0,0 0 150,000 87,500

4 2.000,000 14 0!, U

6 7

7'AENIA



CONFIDENTIAL

TABLE 14

STRUCIURAL FACTORS

Factor

Safetv Factor on Material Ultimate Strength 1.5

I Sa-fetv Factor on Material Y5ld Strength 1.1

Safety Factor on But-kling Load 1.5

Limit Load Factor (thrust, acceleration, 1.0
etc.)

Proo.4Pressure 1.2

•i I10
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B. TASK 2: FABRiCATION AND TEST

1. 2.5K SEGMENT INJECTOR PERFORMANCE INVESTIGATION

(C) The 2,5K segment injector investigation effort was designed to
utli2zc the segmentation potential of the Aerospike thrust chamber lor
the aevelopm-pnt of injector patterns for the 250Y' injector. Candidate
injector patterns for this program were made aýailable through in-
house and previous conLracted efforts. The primary criteria used to
determine acceptability of a pattern were Eelected aj:

1. r' rability

2. ie. formance

3. Peak Throat Heat Transfer

4. Fabricability

5. Stability

Previous effort and ADP analysis indicated that durability at 1500
psi would be a major problem. The performance problem would mani-
fest itself primarily in the low chamber pressure regions. Heat trans-
fer in annular combust-ors has been shown to be primarily a function of
chamber contour; however, injector effects on throat heat transfer
have been experieaced and were expected on the ADP effort. Fabrica-
bility of the sele.-tcý'. patterns restricted the choice of candidate injec-
tors to those which could be readily produced for the 25C'C injector.

(C) Stability of the patterns was also considered to be important;
however, it ie recognized that the 2.5K segments, representing approxi-
mately one-half of a 250K compartment will probably not oupport any
acoustic modes, the nearest mode being the first longitudinal at- 5500
cps. The possibility of low frequency buzzing could not be discounted,
however.

a. Status

(U) During this report period, the final three candidate injector pat-
terns were extensively evaluated to obtain data on durability, perfitm-
ance, heat transfer, tapoff, and stability. A total of !03 runs have
been conducted; 101 runs were conducted thM.1 qsuarter.

(C) Based upon the Saorsble performance results obtained in the . arly
part ,of tle quarter with the triplet injector, this injector pattern was
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selected as the pattern for the first 250,000 lb/thrust injector. Data
indicateý, that the C* efficiency of this pattern will exceed 97 percent
during full throttling and approaches 100 percent above 1000 psia.
Operation was stable over the throttling range of 20 percent to 100
percent, and at mixture ratios of 5 to 7.

(C) The triplet, the rever'se flow, and the LOX fan patterns have pro-
vided excellent performance. Some buzzing has occurred with the
LOX fan pattern. The reverse flow patterns (both 60 deg and 80 deg)
were eliminated from further consideration when accumulated dura-
bility data at 1500 psi indicated the face of the injector was overheated
and erosion of the ends of the injector strips were severe.

(C) Heat transfer results have isolated the causL of early observed
heat transfer ar:iornalies and indicate throat heat flux of 52 - 54
Btu/in.2 -sec at 1500 psi P " These values agree closely with earlier
theoretical predictions.

(U) Final selection of the pattern for the second 250K injector will be

made early in September.

b. Progieaa during the Report Period

(1) Method of Evaluation

(C) Evaluations were conducted in the basic 6-inch long by 2-1/8-inch
wide segment hardware described in the First Quarterly Progrens
Report. Whea the safe operating heat flux of the water-cooled segment
(40 Btu/in. 2-rec) was approached, auxiliary hydrogen film cooling was
provided in the combustion chamber convergent section to facilitate
duration runs at high pressures. The total hardware available to the
ADP program for the 2.5K segment evaluation is indicated in Table 15
The cardidate injectors for the 250K injectors were the 60-deg LOX
triplet, the LOX fan triplet, and the reversed pattern (figure 45, 46,
47, and 48.

(U) The method of approach to injector evaluation was in the order
indicated on Table 15. Low chamber pressure performance and heat
transfer tests were conducted, followed by high pressure runs (1500
psia) in uncooled hardware for 250 ms. Surviving candidates were
then run through additional performance runs over the range of opera-
tion, and heat transfer data are acquired. Bomb tests were made to
check stability and more are scheduled. Buzzing evaluation was made
upon its spontaneous appearance anywhere in the pressure rart'e of
operation.
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TABLE 15

TABLE OF HARDWARE - 2.5K SEGMENT SOLID-WALL

EVALUATIONS

njectors* No. of Units Type

1-1 1 Stagger fan triplet; 90-deg LOX angle

1-2 1 Reversed flow flat face; 30-deg LOX im-
pingement, 60-deg hydrogen impingement

1-3 1 60-deg triplet (No. 2 H2 post); 60-deg LOX
impingement

1-4 1 60-deg triplet (No. 5 H2 post); 60-deg LOX
impingement

2-1 1 60-deg triplet (No. 1 H2 post); 60-deg LOX
impingemc nt

2-2 1 60 deg triplet (No. 3 H2 post); 60-deg LOX
impingement

3-1 1 LOX fan pattern; 90-deg relative LOX
impingement

3-2 1 Revised LOX fan; 60-deg relative LOX
impingement

4-1 1 Reversed flow flat face; 60-deg LOX angle,
80-deg hydrogen angle

4-2 1 60-deg triplet (No. 4 church steeple);
60-deg LOX angle

i 5-1 1Showerhead type; 13 strips; 30-deg LOX

5 self-impingement

*The first number reflects injector body number and the second num-
ber the strip pattern. Letter designations indicate basic modifications.
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TABLE 15

TABLE OF HARDWARE - 2.5K SEGMENT SOLID-WALL
EVALUATIONS (Continued)

Water-Cooled No. of Type
Chamber Sections Units Type

Injector mounting 3 347 CRES; mounting block. Chamber to
block injector

FWD body 2 OFHC copper; first water-cooled section
asseiibly

Spacer 7 OFHC copper; second water-cooled
section

Film cooled 2 Same as bpacer with H1, lilm passages
spacer

Throat assemblies 6 OFHC copper; forms throat, convar-
gence and divergence of 2.5K chamber
(water-cooled)

Film--ooled 1 Same as throat assembly with wall H2
throat assemblies film passages

15-deg spacer 1 OFHC copperi forms 15-deg convergent
section 1water-cooled)

15-deg conver- 1 OFHC copper; rework of throat assem-
gence throat bly to produce 15-deg convergence
assembly Use with abovc, spacer and standard

chamber sections (water-cooled)

Forward body - OFHC copper; uncooled, accommodates
tapoff two tapoff inserts. Interchangeable with

standard forward body.

Tapoff insert 6 OFHC copper - 347 CRES; form actual
tapoff hole configuration

106
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TABLE 15

TABLE OF HARDWARE - 2.5K SEGMENT SOLID-WALL
EVALUATIONS (Concluded)

Uncoo'led Chamber No. of
Hard va-e Units Types

(.himber shell 2 stcs 347 CRES; chamber structural un-
cooled sections; forms complete body
she!l

Cotmbusto, insert 1 4 Graphite; uncooled combustion zone
{nsert

Uncooled throat OFHC copper; replaceable throat
section-,injector durability check

Bombing insert 1 OFIEC; replaces graphite-mounts
bomb for instability testing

(2) Theoretical Basis and Background for InjecL',r Designs

(U) The injector segment work conducted tinder Contract WAS 8-19
provided the background for the injector designs advanced to the ADP
effort. The results of that program showed that the attainment of high
performance with LOX and H2 propellants in short toroidal chambers
was solely dep-encent ,npon achieving maximum atomization through use
of the potential ,onergy of both the LOX and the HZ. The best perform-
ing injector of that study was a LOX fan pattern (similar to one evalu-
ated in the ADP effort and reported in the First Quarterly Progress
Report). In this design, the LOX impinged on itself as a doublet on
both sides of a series of hydrogen orifices. Primary atomization was
accomplished through this process. The atomized LOX fans were then
further atomized through passing into the path of the hyarogen gas.

(U) Theoretical analysis shows that the same effect of a self-impinging
doublet can be attained through control of the liquid jet length before
impingement. For a given jet momentum, the jet has a length at

S, -ich surfacE instabilities wvill appear which l Ad to atomization.
Fhis characteristic was designed into the basic triplet element.

I o7
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L,. 0.035 DIAMETER FJEL
(24 PER STRIP) 60 DEGREES

O. 10 --40 DEGREES

S*ii X- 0.031 4wPL.t'TER LOX
S1' (6 PER STRIP)

LOX FAN PATT- ERN

-60 DOEOR.E$

N °it, . -0.033 DIAMETER LOX -

0\ /

3 ofi. ! ' /

0I ° o'

01. 6-EGiEE LOX IMPINCINGTRPLET PATTEiRN

Figare 48. Primnaxy 250f Injector Patterns Candidates
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(U) Theoretical analysis shows that the iprimary atomisation produces
...ean drop sizes on the order of 150 microais. Secondary atomiasation

by the hy-'Arooen uadeTr proper impingement produces mean drop usles,
on the orier of 50 w,-crons. 116w*%er, this attainmeat of this #mail
drop size requires c~areful control of the hydrogen jet dynamics. Cold-
flow studies revealed that the jet dissipates rapidly and if the point of
LOX imnpingemrent is tor- far away. the HZ escapes araund !he combus-
tion field. If the jet is too close to the point of impingemnentý thu H2
spreads the LOX fans (or jets) apart and never inixta. Best stomixa-
tion occurs when the HZ jet to LOX impingement distance is-- 2-4 jet
diameters for the ADP operation. This results ia ar. impingement
distance of -0. 150 inch, This is the distance designed into ths ADP
In1JecT.Urs JLC UI~e Of this distance a-FA~ maxuching the AP to )eak per- -
FOYrI~ncle has resulite 2-n a nonlinal 1 i .t .prauIY-V-ee
over m~e perlorrian4~e Yeutlta abmirled In the NA38-l* pVogrArn.T_

(U, The N AS 8-19 progra m wa a c onducted at - 650 pxi, and n4 _n _O

11at t~ransfer problemr waa ex o'uincre%1. it was expected that njector
heat transfer- at !st "P"a L a mao p ..... 'f

recirculation potential oi the GH 2 / LOX designs. lot dynawit caiuli'-
ticons ashow that as a 'j- a Ui perc en i of the to- W_ prop-e-Hant flow
through the injector wrill be re-eirculattd in, t~m ADIA' akL50kpý 1

prozosed injector designs. Such high recircula'ion provAides an added
basia for high performance -but it aloo prtssents a potentiz]. heat face
tranrfer problem. The oauic ^ppreilchles to the heat face tranalfer_
problem were considered: (1) use of a railed fuel ;ast t~o prtvent faze
reeit-culation and also control impingemrenat dhatanzo. are (421 uao of a
face p&Ztern with predominant hydrogen lace cooling. The ba~sic triplet
patterns use the ra~e*d face, while tb,ý revrrs'-ffibw -F-tesrn provides -

for rnaximuzr hydrogen face cooling.

(U) Thermochemical calculations on the LOX drops show that below
'-1100 psi the drops ar-t'utUy exist &a liquid droplets throughout their
cons umption. Above i 100 nsi,, t7~e dro-') rpn'3I'y risa' tc' ar.1 exceed
their critica! temperature. Beca±use of thca high contraction ratio of
the toroiftl engine combu~stion, induced turbulence along with GH!2 jet
turbulence is higha and persists, This turbulence above 1100 psi results
in rap.,d eddy diffuaivm mixing of the LOX vapor, and, therefor~e, once
firia atomnization is achieved, near theoretd-al. pc.f~r-.n&nct c i be.
expected.

(3) Candidatp F~ttern Evaluation

(C) 60-degWXXImpingi Tripeet Patterrn. The basic triplet , attern
consits fa sho*WeidYeaTu~I sreamr (froM a raise'd fuel strip) im-
pinging on a 60-deg LOX doublet (figure 45). The purpast'oi the rTaised
fuel post is to place the fuel stream e.dt point close to the Poitt Af WXK
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impingement to obtain good primary propellant stomisation. The post
also acts to prevent recirculation from causing htgh face heat transfer.

The injector stripa are oriented perpendicular to the chamber cr-
cumference with eight propellant elements per strip. Modfic.tdons to
the basic triplet pattern consisted of:

1. Addition of fuel- Was at tfu- aIrs r-wenu (izcorpor-40od into ZSOK
injector pattern)

2. Extending raisdd fuel strips to chamber wall-square ends
(incorporated into 250K injector pattern)

3. Beveling LOX strip ends (feuad to be unnecessary with square
end fuel strips)

4. Lntroiuction of !uel biAts along sides of injector (found to be
unnecessary)

5. Enlarging fuel orifices to lower injection pressure drop
(found to be unnecessary)

(C) LOX Fan Pattern with Fuet Post. The L/)X fan pattern with a
raised fuel &trip in t-:so tn •TIWe(r•]• a candidate for the. 250K injector
pattern. Satisfactory plrfcrmance and durability were demonst-ated
wird th•s pattern; howe.ver, the chamber throat heat flux was found to
be sa'ghtly higher vith the LOX ftn pattern than with the triplet. The
hot g tapoff temperature with the selected 250K tapoff port was con-
siderzab'y lower than the tapoff temperaturke using the triplet injector
pattern.

(C) An element of the LOX fan pattern consists of two pairs of LOX
doublets forming doublet fans impinging at 60)-deg above a raised fuel
strip (figure 46). Four showerhead fuel strearns were directed at the
line of impingement of the doublet fans. Each set of strips cont&ined
rix propellant -elemrents.

(C) Modification of the basic pattern consisted of erlarijng the fuel
orifices and providing fuel bias of the main orifices at the fuel strip
ends.

(Uj The LOX fan pattern with the raised fuel strip was an improved
version of the LOX fan concept tested during the first quarter which
featured 90 -dog LOX impinging fans and no raised fuel strip. Severe
burning of the LOX strips was sustained in these tests.
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(C) Reversed Pattera. 'The reversed pattern (figure 47) was so named
to indicate that th,-ept of introduction of propellants was reversed
from that oi the ofher patterns tested (fuel on the outside and LOX in
the center of an element of the reversed pattern). The reverted pattern
element consisted of a LOX fan (formed by a LOX doublet) impinging on
an 80-deg impinging fuel doublet, The pattern was placed on a flat
face injector.

(C) Modification of the basic pattern consitted of enlarging the fuel
orifices to lower the injection pressure drop.

(U) Erosion of the strip ends was sustained during high chamber pres-
sure tests, and the face appeared to be overheating to the point of
being marginal.

c. Problem Areas and Solutions

(C) Three problems were encountered during the injector evaluations;
(1) slight edge erosion of the primary candidate pattern occurred on
early tests. This was eliminated by extending the posts to the edge;
(2) heat transfer anomalies were observed run to run, clouding the
influence of injectors and of operating parameters; these heat transfer
anomalies were determined to be caused by sporadic gross surface
roughness caused by deposits of a melted CTF ignition tube tip; retrac-
tion of this tube eliminated this problem; (3) tapoff gas temperatures
with the selected post configuration were exre~sively high. Solution by
injector-bias is being rtudied for future evaluation.

d. Testing

(1) Test Results

(U) Thrust Chamber Performance. Thrust chamber testing was con-
ducted to evaluate: (1) performance, (2) injector durability, (3) heat
transfer, and (4) hot gas tapoff. Thrust chamber performance was
determined only for those tests that achieved steady-state cperation.

(U) The performance parameter that measures combustion efficiency
is the characteristic velocity. This performance parameter is calcu-
lated from chamber pressure and from thrust, thereby obtaining a
check on the internal consistency of the data. Characteristic velocity
is calculated from chamber pressure as follows:

P Ag
C t (1)
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where

P a injector end chamaer pressure

At- geometric area of nozzle throat

g = 32.174 Ibm - ft/lbf-sec2

* = total propellant flowrate

1 = influence coefficient

(C) The influence coefficient v1 1 accounts for stagnation pressure loss,
nozzle discharge coefficient, heat loss to the coolant water, and ther-
mal shrinkage of the nozzle throat. In the range of ADP thrust cham-
ber operating conditions, -9 1 has an average value of 0.9831.

(U) Calculation of characteristic velocity from thrust is accomplished
as follows:

\F

where

F thrust

CF = hrust coefficient

r'2 influence coefficient

(C) In Eq. 2, the infl 'ence coefficient It2 accounts for thrust degrada-
tion due to heat loss to the water coolant. frictional drag, and nossle
divergence. Th. average value for t12 over the ADP conditions was
taken as 1.0344. A complete discussion of the influence coefficients
and the calculation technique for evdluating these factors is presented
in Appenlix A.

(C) Thrust chamber performance data frim those tests judged to be
suitable for obtaining reliable performance data are summnaried in
Tabla 16. Exceient agreement between characteristic velocity from
thrust and characteristic velocity from chamber pressure is indicated.
From Table 16, it may be seen that the triplet injector, U/N 2-1B and
U/N 1-3B (the selected No. 1, 25OK configuration), delivers an aver-
age characteristic velocity efficiency of 98.3 percent over the chamber
pressure range of 325 to 973 psia.
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(U) Performance results without regard to mixture ratio are plotted
as a function of Pc for both the triplet and the drilled out .' )X fan
injector in figure 49. It is observed that both injectors are comparable
in performance, with the triplet, perhaps, holding a slight statiatical
edge.

(U) Injector Performance Results at Pressures Above 1000 Fsi. t
number Z: data runs were conducted on which film cooling wac u;Ii-
ployed. These runs are in the process of being reduced to obt- .1 thr:
injector performance results. The influence of film cooling the th3ust
chamber must be factored out to properly evaluate the injector per-
formance. Several techniques are being considered:

1. Include film cooling in overall performance calculation (base
theoretical values on overall flows), vary the amount of film
coolant, and extrapolate to zero film cooling.

2. Ignore film cooling in performance calculation (ie., base
theoretical values etrictly on injector flows), vary the amount
of film coolant, and extrapolate to zero film cooling.

3. Treat injector -ontribution and film cooling contribution as
additive effects to total combustion performance and obtain
injector performance.

4. Perform energy balance on fi.m coolant and back calcalate
%.njector perf :mance.

(C) Prefirninary results show that the range of injector calculated
performance by these four techniques above 1000 psi ranges from 98
to 102 percent for both the triplet and LOX fan injectors; however,
furiher examination of the four techniques is required to determine the
most valid method.

(C) Hot-Gas Tapoff. The fead1iUlity of hot-gas tapoff was investigated
in the 2.5K c amber segment. The objectives of the tapoff tests were
to determine the dependence of chamber pressure, mixture ratio, and
tapoff geometry on the tapoff temperature with several tapoff variations.
The configurations evaluated to date are indicated in figure 50.
The first design was a single-hole configuration and the second, a two-
hole unit, both units designed for a tapoff exit velocity of a Mach num-
ber equal to 0.2 for a nominally 1500-deg F fuel-rich gas. The tapoff
temperature as a function of chamber pressure is shown in figure 51
for both of these configurations. The first test results indicate an
increase in temperature with increasing chamber pressure and in-
creasing mixture ratio (5 to 7). The third configuration under current
evaluation is shown in figure 52. This configuration straddles the
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Figure 50. 2.5k lot-Gas Tapof I Configuration
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injector pattern aa shown and to detidmed to provide for a mor* posttivw
Sdfow of fusl-rich gas thaa wore tho first two coatgugtsons. Should

this configuration indicate strmg Pg aid UK iedgem ce, a&so, local
mixture ratio control in the vicinIty of the tapoft oe will be built
into the injector strip by providing OH2 jets oized and directed into the
tapoff son*. Five intial gas tapot tests were juldgd to be muitable for
determination of meaningful thtust chamber performance. These were
tests number 089, 091, 092, 093, and 095, all of which utilised injector
U/N 1-3B. Gas tapoff configuration and instrument l.ocations for theae
tests are shown in figure 53 and 54.

(U) The gas tapoff thrust chamber data reduction was accomplished in
three steps. First, the oxidizer and fuel flowrate through the injector
was determined. Second, the gas tapoaf flowrate was ctJulated, and
Anally the net tnrust chamber flowrate was calculated by taking the
difference between the injector flowrate and the gas tapoff flowrate
gas. Tapoff was evaluated as described in Appendix C.

(U) Gas tapoff flowrates were deducted from thrust chamber injector
flowrates and adjustel thrust chamber performance was then deter-
mined. These data are presented in Table 17, and it may be seen that
the results for tests 089, 091, and 092 are in excellent agreement with
prior data for this injector. The adjusted results for tests 093 and, Ui
are subject to some question due to an indeterminate GN2 purge.
Additional tapoff data are in process of data reduction, and additional
tests at higher chamber pressure are planned. -

1C) Stabilitp. Related experience vith propellant injection pressures
less than II percent of chamber pressure have indicated that careful
attention must be given to the injection, combustion, and feed system
characteristics to avert the occurrence of low-frequency instability.
In throttling to 20 percent of rated thrust, the selected triplet injector
pattern wU.l. experience an oxidizer side AP of 15 psi (5 percent) at a
chamber pressure of 300 psi (figure 55) Furthermore, a mathernsiti-
cal analog of the test stand and 250K thrust chamber (discussed in the
250K nozzle test preparation section) indicated possibility of low-
frequency modes of oscillation with certain assumed feed system and
injection characteristics. Accordingly, stability as well as perform-
ance was evaluated with the 2.5K segments over the throttling and
mixture ratio range.

(C) Th. tr-:et injection pattern (U/N 1-3B). which will be utilized for
the No. I 250K injector assembly, was throttled from rated chamber
pressure of 1500 psia to 300 psia without evidence of combustion
inotability. This evaluation consisted of 13 tests in the 300- to 600-
psia chn-nber pressure range where the nominal mi4diser injection
pressure drop falls below 10 percent of charmber prossure.
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TABLEC 17

ADWUSTED C* FFTICIENaICS FOR GAS TAPOFF TTS

Test Ohember Tapoff TIC CNO. njetor Pressure, Flawrate, MRNo.si& lb/sec

089 U/N 1-3B 60)9 0.056 5.61 0.972

091 U/N 1-3B 387 0.037 5.56 0.966

092 U/N 1-3B 506 0.043 5.91 0.96Z

093 U/N 1-3B 685 0,)65 6.02 0.992

015 U/N 1-313J 688 0.058 _6.38 0.982

(C) Another 2? tests with the triple,: injection pattern have demon-
strated good s aility characteristic - in tiio 600- to 800-psia chamiber
pressure range. The nominal fuel -: .jection pressure drop remains
greater than 20 percent of the chah-,.er pressure value throughout the
throttle range.

(C) Instances of low-frequency~ buzzing were encountered with both the
reverse flow (U/N 4-lA/B) andi the LOX fan triplet (U/N 3-ZA) injec-
torn. With the reverse flow injector, the buzzing occurred at frequen-
cies near Z00 cps with occasional 300 cps. The amplitudes were high
at 300 psia ( 100 psi peak-tn-o-ak) and -diminished to btoing nearly
imiperceptible at 1500 psi&). rhe LOX fan showed occasional low-level
buzzing in the 600- to 900-psi range at a much lower amplitude.

(U) ýEfforts were made to isolate the facility propellant systems from
the 'Chamber through placement of the hydrogen sonic flow Venturi at
the injector and adding as mucli as 1000 psi A~P on the LOX side direc -
tly behind the injector. Neither of these changes particularly affected
the observed buzz frequencies or amplitudes, and it was concluded that
the frequencies must be primarily injector driven and sustained.

(U) No "bomb" stability tests were conducted during this quarterly
report period.

(C) Overall Durabilit Results. The most durable injector of the
three i7njectors is the wiD. fan injector which appears to run extremely
cool. The reverse flow lznj~ctor not only experienced edge burning



be Inac'"l fo1'agonme a M(C) apiatre io" Uit. veryehOt sote £qte Ot r • ufOl .

with no bur"-. or oveahh inm ofhe t orep Of AO Wm p.

were taktie to torrect tOA. Th* a M ZAZewIp ow, be00e
* to improve heat transfer cooling, and the hydro"S wost W&A 4don4$ Kto

the edge of the chamber to prevent edge recitelat @ i. To s
*effets of the two chaea., one side of the inflts LON stripe flp

ten~~~~~edTi onhydtd.'oeoso C4cre x opao ftret sa it
was conchudd that recirculation past tin previcedy boen bydtiaa

post badi. netd In te n b&sitng. The estoted hy.r.....
post has been incorporate. i*o the 4esign of the umber 1 2S0KInjec-
tor unit, This results in an. added featuieo of simpicity by removing
one machining operation.

(C) r Pressure, Mrp QuracActert,__. The injector prnzae;
drop caracto t otftý fr th Nlo, 1 450K ConntgWotn ( 1 -3B) af

shown in fguro 315 sad 56 forlboth WX eM CIýjatmbest tempera-'
turt. The,4t correlata quite w114 tflamt the persifte IAiS
cating that the hydraulic characteritics aire • •mUbekavet&-i *p
operating ranges The expected ZOK operating com!•ftos are xIntcat
below:

350K Injector Pressure Drop Sunmnary

t LOX Side P AP
c

1500 375

300 15

H2 SideP a% tP

S1500 375+65S~-00

S300 75

*Des.gn data based upon hydrogen temperature available
at injector.
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(U) Heat Trasfer Results. To obtain heat transfer data in the Z.5K
solid -wall segment egfort, a water-cooled chamnber is utilised as
described in the First Quarterly Progress Report. This chamber is
provided with coolant passages as shown in figure 57 with letter dosig-
nations indicating passage location. T'ie water flows into the passages
are measured, and the bulk temperature rises indicated by three ele-
ment chromel-alumel thermopiles. Primary emphasis is placed on the
nozzle contour passages. The method of data reduction is outlined in
Appendix B.

(U) The reduced throat heat flux values are indicated in Table 16.
These .alues are subject to additional interpretation to obtain expected
peak throat heat flux values for the ADP operation. Early in the per-
formance program it was observed that certain throat heat transfer
abnormalities were occurring. Repeated firings under identical oper-
ating conditions of mixture ratio and chamber pressure indicated
nonrepeatabe heat fluxes. The general characteristics observed were
that the heat flux increased from one run to the next run. A number of
hypotheses were postulated for exploration of this phenomena. These
included corrosive attack of the copper chamber by the CTF ignition
technique, thermal mechanical roughening of the contour surface,
gross injector effects, and a segment contour mismatching disrupting
the boundary layer.

(U) For ease of interpreting the resulte, the heat transfer data was
reduced to a dimensionless Stanton and Prandtl number p.rameter,

NST N Pr2/3

and this param-,er was plotted as a function of run number for a saries
of runs during which various specific surface effects were investigated.
Particularly, it was observed that the throat surfaces appeared to be
roughened after a series of firings. Following the hypothesis of sur-
face roughening through CTF ignition product attack,the throat was
electroplated with nickel on one side and mechanically smoothed on tha
other aide, a number of times. The resuits are indicated in figure 58.
It is observed that the Stanton number parameter increased more
rapidly on the uncoated side than on the coated side. The limiting
values coincide. Also of interest is the fact that the act of simply
smoothing the throat resulted in a decrease in heat flux. The nickel
surfacing did not appear to solve the problem.

(U) Further analyuis of the data indicated that the increase in heat
flux from run to run appeared to take place in discrete jumps rather
than in a smooth manner. This led to a hypothesis of the effect being
caused primarily during .nition. Two long-duration tests were
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A

conducted to determrine iU this was so, and the results are given in
figure 59. It is observed that a large increase in beat flux was incur-
red, and it apparently was associated with ignition.

(C) t thip time a chemical analysis was conducted of the roughened
thro . surface, and it was found that the deposits were primarily nickel.
Further clouie examination of the nozzle contour and throat surfaces
showed that the roughering effects could not be described by distributed
roughncqs, but instead would best be described by discrete surface
protuberances. The CTF tube used as an igniter tube in the injector
face was found to be pure nickel and the end eroded 1/16-inch to 1/8-
inch behind the injector face. This small amount of eros. .'n was found
to be sufficient to account for most of the deposit coverage of the throat.
To eliminate further difficulty, the CTF ignition tube was retracted to
a position 0.125 to 0.200-inch behind the injector face.

(C) With these results in n'ind, a series of tests with a chrome% plated
(0.0005 inch) throat was conducted to determiie if reproducibility of
heat transfer data could be obtained. The resul*a are tabulated below
for both the triplet injector and the LOX fan injector both as raw -tatu
and as normalized data to on- common operating point.

L)X Fan injector T

Run No. 117 121 123 124

P (psia) 639 649 635 596
C

MR 5,14 5.57 5.63 5.35

Q/AExp 31.6 30.8 Z8o3 27.G

Normalized Q/A 29.7 30.2 V7.8 26.5
(at 6.0 MR a. I.
650P

(U) Run number 118 was a run at nominally 600 psi, but instrumenta-
tvor r'ead out ir the throat was lost. Runs 119 and 10 were ironducted
at 300 psi %ith repeatable heat flux. Run 122 was a noniiraiiy i-000-psi
ran. This series of runs were cflnsidered to be as severe a teit ol the
ignition hypothesis as could be ,e-ised in the hardware. The nominally
600-psi runs with the normalized values to a MR of 6.0 and a Pc. of 650
psi ind;.iate that the previously observed run-to-run increases in heaL
flux had beer. eliminated.
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(U) It is itoted here that these heat fluxes are bilae? thRv tho results
for a smoo0- contour. It was found that this parflcu ýýbOat contained
flats in the throat region. The results, however, ver" to pr&,u thet
burning of the CTF tube ti? was responsible for tkoe i*ssid boat
fluxes. Of interest also is the fact that the chrominm $ wtw virta-

ally lost on the first two runs of the series and cannot be co€vidrad as
a part of the improved heat flux bohavior.

(C) To obtain a true comparison and prediction of the heat AMues for
the caxdidate injef tors only data for known eno corztours 'tnould be
used. These include data for plated throats and tb.oe -asea where the
throat was purposely smoothed. The chrorni -plated O-4t. wa,
smoothed after the above-diz-4usse series of rur- to aliminate the
flats and utilized to obtain additional heat transfer data- The re&ulft
obtined to date are show• in figure 60 ior the copr gegrmtV• a
function of total flowraUt. The data coz-iaz e Tuiae weU and shw an
average prediction tJ 54 Bhtin.i-sc at fhe ADPt opefintsu trsditons.
Reduction of the data to effective Stantcm nunmbers showj that the ADP
heat flux -r; the stainle-ss steel chamber will be 5Z to 56 Bhn.•n-2ec
with an ave. -ge value cl 54 Btz/in.'-s•.

(U) P nbaector Tap nestigation, The Z.5K .aold-wall sagment had-
ware is pr5;ird~ -Ithee pressure taps., two in the che~nher Si"
wall approa=inattly 0.5-inch dovmstream of the Waector face,, a. Vn.
unit located in the injection face. It hAs Ieen oL-,eved t the injý,ctor
tap re.4izut is always a!ext 0.6 to %.0 perceat less than the si"i wall
units. This iz imporMtt to insrtiunenting the Z0Ki •iector isite tube
wall chaniber sin-e in thiA unit -st rieaation for P_ data acqu-zitioa2
can ezay be pLaozed through the vkioctor. The i ectn velocitis of 0w
hydrogen 1•200 to 2000 fps) reavut in aspiration oi the P, tap if no pro-
vision is mnude tt, aow for difftwive eqts azound the tap A short
- .vestigation con-ducted in the Z..r-K effort showed the configrrti•c
showe in figure 61 to be adequate to reduce the aspiration effaet to a
=egligible value.

(C) SurnmFY~ i~ I.nidt ljpjctors. Based trnon reandtsa o-
F'W~ea=G he three c-andi-date injertors

may be rated as 5ndicated in Table 18. Also included ia a reinAj based
upon iabricationability which includes coat. The sunarn, rating
indicates the triplet as an overall cuperior injoctor for the No. 7, can-
didate injtctor. Final reduction of data along with tapof data 1l! re
used tow make the final 8ele•itvn.
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NO. 2 259K JNECTOR AZmAT 1 CTWR ATM

Perfcr.; e Tamufe-Face and Duablty Fabka •l~ ',a14t•

Throat

Triplet 1 1 -2 1 it

Reverse 3 2 1 2Flow 2

Lox 1 3 1 3 2

e. Summary of Pl.aed Effort for Next Q iarter

(C) The primary experimental activity wiV be completed early in the
quarter. Other experimental activity witt the 2.5K 3olid-wall segment
will include tapoff runs to ISS0O psia, sevea al selected bombing stability
runs on the selected No. 2 injector pattern, and, if necessary, sup-
porting effort for the Z50K iljector in ýhe fourth quarter. Complete
reductiox of data will be accomplihed earlV in the next quarter to
finalise the results. The No. 2 injector pat-ern selection will be rnmua.
early in the report period based upon the fieat data analirsis.

2. THRUST CHAMBER COOIANG INVESTI3ATIONS

(C) The thrust chamber cooling investigation consists of an evaluation
of the regeneratively cooling limits for the Aerospike chamber, a de-
termination -f the operating point for a cyclic fatigue life of 100 rusea
and 10 hours between overhauls, a selection of a tube material Lo cool
and meet the life requirements properly, and a prediction of the cyclic
fatigue life of the selected material. These objectives are being mat
by a combination of heat transfer analysis, stress and materials
analysis, materials laboratory evaluations, a tube tester simulating
hcat-fire conditions and actual hot I•ire of 2• 5K tube -wall segments.
Three materials were initially tV be evaluated--stain ess steel, co per,
,nd nickel. The limits of regener.tively cooling will 'e evaluated on

and, therefore, of the selected material, are to be e, iluated through

the conabinatioa of the ana~ytical effort and experimental resuits.
TVuh combination is further checked by comparison to life results on
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i
c-rent thrust chambers (.T-2). The Z.SK segment has prviously
pr1•ved itself ss an effective test unit for combustion and coolftn
inwt stigations.

a. s.U
(U) AU design effort on these segments has been completed and re-
leased for fabrication.

(U) The hardware fabrication status is as follows:

ffic'.cl Tubes -- Complete and ready for braze assembly

Copper Tubes -- Complete and ready for braze assembly

Injector Support Block -- first unit bdng nickel plated; second unit
in finra -achirning

Throat Support Beams -- Complete and ready for brazte assembly

End Plate Assembly (See figure 62) -- first set complete and.
ready for braze assembly;
sedond set being furnace
brazed

Exit Manifolds - Machining complete, being nic .el plated

Assembly of the nickel chamber (figure 63) began during the last
week of the quarter.

I !J This effort which was dirc-ted toward the avaluat,.1n and selection
oi :ong-life tube mrerials has been completed. This effort included
an initial material selection based on analysis, material tests intended
to develop fatigue awlA rnechan'*.al property data, and a review of the
liUt:rature and conduct of basic studies,

AUs As a result oi this effort, the tube rnateria and a manufacturing
Vr'•ace5 cycle for the demronstrator segme-- dfrusf chamber has been
se .cted. In addition, two very pzorniving long-range tubt materials
have been chosen.
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Figure 63. Nickel Segment Brazed Aseembly
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b. Progress During the Report Period

W(I Design

As reported in the First Quarterly Technical Report. tWree 2,,5I
chamber segments were designed to accommodate 347 CRES nickel ?)0
and OFHC copper tubes. Based on further mrraterial evalua".. ns
reported in a later section of this report, itainless steel was .1imninated,
anA4 ouly the nickel and copper fegments wiLt be fabricated. The
geometry of the combustor will be the same as that for the demonstrator
module.

(2) Fabrication

(U) The final design, shown in figure 64, consists of a brazed asscm-
bly of tubes, forming the contoured walls; copper end plates, -vith
drilled coolant passages; a 347 CRES injeco•r end block; and 347 CRES
exit end manifolds. The brazed assembly is reinforced by a 4130 steel
backup structure bolted in place. Transfer of loads from the tube stack
to the backup structure is through a bearing block bo.l;•i to the backup
structure and making intimate contact with the tubes through an epoxy
and glass fiber filler.

(U) Drawings of all detail components, as well as braze and chamber
assemblies, were completed and released for fabrication, The f4-,!st
mickel asseanbly init began during the last week of August. The .'al-
ance of the components backup structure, manifolds, and inlet an6 -ut-
let tubes are in work and will be completed in time to support alt
estimated completion 4if the nickel segment early in October. The
copper segment will follow by 2 weeks.

(3) Cooling Limits

(C' Ai study of the heat flux capability of materials, OFHC copper
(0.020 inch) and nickel 200 (0. 013 inch), showed that the heat flux
capability of these materials wab in this order indicated. -opper being
the best. The results are shown i. figure 65 and 66. For the nurposes
of thip study, a co lant bulk temperature of 450R wa3 used (',iis
approximates the anticipated value ki the outer body throat o0 ..,e 250K
thrust chamber), and a tube roughness of 50 microinchen was assumed.

oo•lant mase velocity -' III Win, -sec is based on a .oolant Mach
numbfz of about 1. 5 for 450R and Z200 psia (total pressure) hydr, gen.

(C) The reFdts for nickel 4W00 indicate it can conduct ,-'Kn a 1600F wall
temperature, a heat flux of 44, and 60 Btu/in.2-s-c tor curvature
enhancementb of 1. 0 and 1.75, respectively. T. ", nickel 200 cc'--
operate at conditions of the engine currently being designed which has
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1 R4.,

temperature.

(C) C~opper conductiou c~pabiliy using the am*%Hung temnpsiatur* of
abo~ut WOF is 40 aund 67 Ai/n I-seec for the -range. in curvature
examilned, Thuas, -capper can also hr~n'3e the anticipah'ad throat heat
fluxes.

(C) The temperatures indicated are typical of what would be expected
in the outer body throat region. The innier body wLU operate at lower
wall temperatures because of the more dewilrable hydrogen coolanat
temperature existing in the inner body throat region (200 to 250R).

(4) Thrust Chamber Materials Investigation

(U) To utilize all available Rocketdyrze experience, a suirvey was made
of all rageneratively cooled production thrust chanibera to study their
life-limiting processes. Partlcuia~r note was made c.1 the J-2 liquid
oxygen-hyd~rogen thrust chamber life history. This survey led to a
stimmary of thrust chamber life-lirnitizig processes as given below:

Axial Tube Splits Cause Rapid Failure

Hydraulic pressure bpikes can burst tuberi.

Hydraulic pressure can burst tubes if steady stress at high
temperature causes creep.

Either of the above failure modes are aggravated by oxidation-
erosion which thins the tube wall.

Transverse Tube Microc racks Cauoie Gradual Degradation

Cyclic thermal strains can cause plastic flo-v which eventually
rresults in transverse tube microcracks.

These -nicrocrv-ks are not self -propagating and are closed
during steady-sutate operation.

(U) A materials evalu~tion and selection1 effort was then planned to
provide the critical data needed to select a long-life, high-performance,
fabricable tube material.

The logic flow diagra-m for the material selection program is
shown in figure 67.
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pouji1 ofcadtemeils
"i~ Tlý* candidnte materials thus selected were then the subject of
prelitnivary studie~s 'in proces sing, availability, and cost. As a result
of ýhese preliminary studies, a further screening of the orig:1al can-
-Mietes was made. The original candidate materials which survived
the preliindary screening are shown in Table 19.

( The first quarterly progress report described the results of the
mkaterlaI property literature survey. Derivation of the plastic strainI avalysia wws also given, and is summarised in Fig. 68.

(Vi In the second quarter, the oxdation-erosion studies, diffusion
la)rers and coatings stmdies, bras* and heat treat process studies. as
Won . the fatig~t 9cJ-'4ivrg tests, and ductility screening tests wereii completed* Thb. creep scr~eenng tests and surface protection screen-
ing tests wore remaved from the materials selection program because
the -results of the initial studies indicated they would be premature and
perhaps unnecessary. Some tube simulation fatigue tests have been

fude tb-tpein eaibltyprgrmwa*as

comnpleted and the results were made available for the material selec-

stainless stenickel ZOO, nickel 270, and OFHC copper. These
materials weroe experimentally tapered to ADP tube dimensions and
toleranccs. Inspection of the finished tubes yielded an initial estimate
of tube- tapering confidence with regard to process time, tolerance
cont~rol, lubricant contamination, and the effect of inclusions in the
material.

(U) No major diffi,,iutios which prevented the successful collection of
adequate data, -were experieaiced although the tube simulation fatigue
test facility experienced some high-powe r-level -run problems. This
prevented Lhe collection of tube-tester fatigue data on nickel and copper

tubes in the second quarter.L (U) The oxidation -erosion studies revealed that from strictly thermo-
dynamic considerations, copper and nickel should not c'-ddize in a

water vapor environment.
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-. I"THMMATIC.4L OI~I

AxJIa plastic Strain. t.[(C)( +'r T i

Tanigential Plastic Strain, op = (2K....3 (I--ptang

Effective Plastic Strain, t~ ,p 2I~ + t

effective '/I +, ag tn xa xa

Cyclic Plastic Strain Al ?2,
effective

Appearanze oi mi.i-rocracku Nj = C

Wbere Q Heat flux, K = thermal conductivity, T Gas Wall

Temperature,I

TB=Coolantbculk tenmperature, v =Poisson's ratio, q= yield str*usi

E Elastic modulus, C =experimnentally detern. ined, tempers.tur'-

Dspendent number k =experimentally determinied exponent

Nf =No. of engine starts before numerous tube cracks appear.

Figure 68. Plastic Strain Anal)rbi -
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'U) 4Itiff exc*va )hydfapa In thi waat'',vvapr, c",'*too 0OW4

nickel shxdno - wddise. even gt±j r
of ADP tbrust charrahers. Tt 5eoin~prbiieta, &'je04t*

s).cieratiQTv aw ubpuniforni mixtureI 4(n tsipuiu± . a4r Onre'
pertuarbation* in vi-be to'' *.~ f~~ 4~nbd
mi~ned by testx,, ar." arie7\ýr). te.rWM ~43 ~@ip.$i

F r ~ sequenc~e, thvottling rang.. o#~d. q$h~'r ~e4oA &et

(U) . The -11fusion Wga tndicea wm .*eip.tendi~d ts-, reveal,
those state -oc-L'.e -art 'prlcess~el Whrith mrig),w e apidto rnick. 0oi
copper *.beF;, to enhance-their uxdtrjn--eros`L'on-resac.¶\~ lf
ferent approaches wore explored. Studieý indicated that braxze alloy
wetting may increase the oxidation rits arceifii$ dco'r
since the se alloyp are essentially -coMjl 'ed 91, &4oe naetuls. A con-
current literaturo review revealed the axiot,!n~t. ifs.veral state-of-
the -art- internaetallic diffusion processes whiw.v Id, be ajopicsable to
nickel and possibly copper. Diffusions of aluxrximanw appear parteuicarly
attractive because such diffusions reputed~ly have ducdlitiet- dlose to,
that of the base metal. Other diffusion systems in c,,irvent use emfoby

I' chromiuca and alumninum-chrormium co -nbinatioats. All &hsion coat-
ingr wý.ttld adversely affect thermal cr -,ductivity to sonie d. gr~e. The
significance of this degradation could -diy be determiti.-U.O1 heat
transfer tests and analyses.

(11) As a result of the oxidation-erca4i Al and diffusion layers and coat-
ings studies, a decision was made to nJirninate the - irface protection
screer>i.gn tests until a firm requirtrr'nit± v-. established ky hot-firing
tests.

(U) The mechanical propex,.7 a id- du'ctWit~y, .- t9B were6 sir'pi01 tei 7sile
tests on rod ai'd ADP tube specimens, both in' ýhe ~itrealed'coi-Jition,
and were also procE Fsed in .. way *ýir.o as, A1I'Pluitc4 braze~d
tube. Te-sts wore c-'iducted at roor~i teme~ratute in air nd also at
elevated temipera.ture in an argort e.ýit~air.ent,' The: rosil f these
tests are shown in Table 20. Sornt silixjfcant fi.6&Jngsleýx these
tests were the exceosi'-,e i low yielJ str~e;-s -%f nickc1 270'and I +e effects
of graii size ohi thie tube Ma't~ia1i' ,.ppaient tensile properties. The
grain structure, of nickel 200 aticf270, 'brF.C ctupper,' and beryllium
ýOpper No. 11 priort tazi'gp a,. ipohrAr !p19hwn' it? figure 69

chrough 7Z. All ex-.t .-,'c;- No. l() a:c' .>dar spoeiqitene.

It ic n(,. i-tParen* from ubiii. d~~t~a'nor f 'rn r.ilie fatigue results
reported here that large grains iLa-e a dele~.-rious efic.ct upon life.
However, where &e~ gran -bqljnd gj~q ex'~end coznplkt.lV the
tube 'val ~as shqo-. (itr 9.n31ii, for nick Iel ZW ~. ind OFHC
copper, raechirtnic- I. fwhiAdr b~c~rra ~i and inteirg'nular pent -

'traiion) o'~~i~sboe more h3a~luQ1s,

I .~ CONFIDENTIAL



-45--

-TA 'VO A'Fý

Ihpo "is ; l
loa 4. O4 f~nM*bTwrI 114 1aa -

*?f0 neae "

bsi M Cmaoed 1tiw 0 3,0 3,0 fim 7.

'N1 200 AMDsqd 140,00 -95 67tW0 53'.0 .

OM An0nealed - 2O,4NM 1,900 y"006 5p. 0 ll,0
MI 00 asld iW, 6D 500720ý -1900 92.0

"Mi 70 eos..e 0, 217id GStOO4t St300b 66.5 08.5jo Ae, fAra

Ni 2700+ Aaused 206X)1,500 !2,e67,700 31.0 46,29 3.

Ni 270 Annealed 14~0 ,00 3,600 16,200 70.5 79.9 9.

M 200 Brazed 1___ 7____0 7,90_2_10 _ 4_1____8

Wi 270 Brazed 4,500 -o 37,0 250 29.6 5.
Ni 27 Azmeald 110 ,500 81,900 25. 19. 50to

'Yee 20 Bne 100h40. 5,00kt0. 19z'g00 2liat 1-6o 37.9~io 99.0ole

0 l Auntlasd 62,500 72,400 732,700 39. 462

OFB 2 B' razed 5 ,5016,00 50,900 28.2 27.0 5.

*i 200 T nemeatur 40e.-1,00 90 j 799 9.

?.i20 Bazd '., 710 790 2,10 1.. 18958.

1~i270j Beaed ,50O6N00I7,002N.IAL6

Ni ~~~ ~ ~ ~ ~ ~ ljq* 27 Ir2e 1I0 A,0 ,0 ,0 54 1. 0t



kl#', Al, -rf

>1 0u

1541

CONFIDENTIA



"PO

PC 0

L

0

1551

CONFIENTIA



7! 2

40

g;g

.0

P14

4)b

144

CONFIENTIA



CONFIDENTIAL

714.

z A

X4:

CO57*1

"ONMENTIA)



CONFIOENTIAL

(U) As a result of these tests and posttest metallographic analyses,
further investigations of the effects of grain size on the mecharical
properties and fatigue life of nickel ZOO in the furnace brazed condition
were conducted.

(U) The braxze process and contamination studies and tests were in-
tended to define initially proposed furnace step braze cycles for each
candidate tube mnaterial. These initially proposed braze cycles were
then applied to test specimens to determine the alloy wetting and flow
characteristics, and to determine any tendencies for the braze alloysI
to induce tube alloying or intergranular penetration. The results of
these tests are shown in 'rabies 21 and 22. The results of these tests
indicate thzt while nickel 200 and 270 appareumly may be successfully
furnace brazed with current technology, brazing of the OFHG and

Iberyllium copper is limited by tendencies of the common braze alloysI to dissolve part of the base metzl,
ýU) The mechanical strain z.' elevated temperature fatigu-e tests were
designed to simnulate the strain cycle experienced by a thrust chamber
during the start and shutdown seque.-ce. These tests were run at c'-n-

stant elevated temperatures,. and utilized rod specimecns which were

axially strained. Materials -n the anneajec! and furnace brazed condi-
tion were tested. The plastic strain Anlssde scribedi previously was
used to predict the equivalent axiai strains; which each mato-rial would

eoxpe~iiu.m~ce as a thrust chamber throat tube. Theise tests were run at4
Temperatures which represented the mraximum predicted tube gas wall
ter!"-- -ýu for each material. 7 ests were also run amý a redut-ed

L`T'2mnperatlure known to repreŽs ut a 7clndition of minimum ductility for

eac~h n-aterial. Aill test- wvere rut' in an argon environmient. Table 23

a~w.asumr of the test conditions,

( A, -t <~or0 each loýad -strain cycle was continuously printed Out b
a't~naLC vipment. Typical load strain. cycles recorded in these

tests a C -1;,-. n irt figure 7.3. TNhe onsyrni-etr ical curve developed afte, r

a lartge'ruins -Ier of cycles represe'its the ](,ad -defi'2ctor hc`,avior of
thev piorer's s.ig fatigue cracik altcrnately strerssd ini tensioij wd corn-
pressioni A,- the- crack ro',the tea-;e i d-car-r-x > g ability de.

craes s ;-,,In rcmnaui, c'orstarit, ~~xi~'<acieir
~c I~if' -O'Inig Crack4pr"c~~n

I (II) N1 W Ile it is ustc riiary ii.i t s ts of tb Ul; na tJi- to -- zrtthe rltn mhc
(0, bn to I oinpiete fracture, a n- tveni!IýYfjl LC enique llias iused

whf: i o -:a ri~easo re of the developtneril of internahl "atiptic d-an-i~pp

a; 5Well ;i S hZiC conventfioliaic lc bYII Hei. 'ilh~s wasn ohtai 11 by l-)ottinzgJ
thc rn4t}( o' ina)i mtyiU cyc-lic tenisiOn -cllpe ir 0eti -l e i

tni sli ~i he "Iffer of te-AccI 1 11s0IolV AW bau~
from -M !cload--straia niyste re si's mooPS , as honID fit. ire 1'i Girouips
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W~ZMl FEASIBILITY TESTS, NICICL 200,

Braze 4~
Tubing Braze Filler Temperature, Braze

Material Metal F Atmosphere Wet"

Nickel 200 90%Ag-l0%Pd 1975 Hydrogen
and (RB0l7o-o62)

Nikl20 82%Au-18%Ni 1800 Hydrogen
(lRB0170-064) I

90%Ag-5%Vd-.4% 1800 1Hydrogen a
Cu-lýNi

72%,Ag-28%Cu 1500 Argon*
(AWS, BAg-8)I

60%Ag-30%Cu-10%Sn 13J0 Argon*
(Handy and Hlarman

(Handy an60r3n)I

6! 5 Ag-24%Cu- 1350 Argon*
1;4. 5%In

Braze 61.5)

Beryl liumi 62%Cu-35AU"-3%Ni 1900 Hydroger

50%Au-1)0%Cu 180 flol
(Handy and 1hu'm~il
Protvbrazo 42

28%C11 i V8?oo A rgorr,

AW , BAg~-P-)

i~iyand i.a rnan
ksian 63

a A



S TAB1B U

1S NICKEL 200, 270, AND RERYLIM COPPER

Microstructure Examination

Visual Examination Intergranular
Braze u a - Alloying, Penetration,

Atmosphere Wetting Flow inch inch

Fydrogen Cood Good -, 0.001 < 0.001

Hydrogen Good Good < 0,0015 < 0.001

Hydrogon Good Good K 0.001 < 0.001

Argon* Good Fair < 0.001 < 0.001

Argon* Good Fair < 0.001 < 0.00]

Argon* Good Fair < 0.001 < 0.001

Hydrogen* Good Gcod Grain Boim6ary Meltin~g

HydrogenkA Good Good 0.006 K 0.001

Ar 1fl*ood r O) 0("3 0, ()o i

A lit-.,t 0'{ . dV . ()0'- 0 .0 1
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T4=B za

E•AZDIq FEASIDILIffT US

Braze
Tubing Braze Filler Temperature, Braze

Material Metal F AtmosphLee We

OFRC 62%Cu-35%au-3%Ni 1900 Hydrogen
Copper (RB0170-065)

50%Au-50%Cu 1800 Hydrogen
(Handy and Harman
Premabraze 402)

72%Ag-28%Cu 1500 Are, ,i
kAWS, BAg-8)

60(A-30%Cu-10%Sn 1350 Argon*
(Handy and Harman
Braze 603)

61.5%Ag-24%Gu 1350 Argon*
-14.5%In
(ilandy and Harman
Braze 615)

*Flux apptied to specimens

I



TAW 22

PEASIBILITY TESTS, OHC COPPER

Hicrostriacture Examination

Visual Examination Intergranular
Braze u Alloying, Penptration,

ttmosphere Wetting Flow inch inch

f/drogen Good Good 0.0056 < O.')01

bdrogen Good Good < O.uOl < 0.u0l

rgon* Good Fail 0.002 < 0. 0f.

rgon* Good Fair u.00195 < 0 t .01

rgon* Good Tair 0.002 <. C;.

I

Ibi
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TABLE 23

MECHANICAL STRAIN AT ELEVATED TEMMATURE FATIGUE TESTS,

SUIQARY OF TEST CONDITIONS

Cyclic Test
Strain, Temperature, No. of

MaterizI Conditien in./in. F Specimens

Type 347 Stain- Annealed, 1975 F 0.0360 1650 2
less Steel

Nickel 200 Annealed, 1350 F 0,0257 1400 2

Nickel 200 Annealed, 1350 F 0.0257 1100 2

Nickel 200 ADP Step Braze Cycle, 0.0257 14(10 1
1975 F

INickel 200 ADP Step Braze Cycle, 0.01257 1100 1
1975 F

Nickel 270 jADP Step Braze Cycle, 0.0257 1400 2
1975 F

Nickel 270 ADP Step Braze Cycle, 0.0257 1100 2
1975 F

()FI•C Copper Annealed, 900 F 0.0134 750 2

OFHC Copper Annealed, 900 F 0.0134 500 2

01C Copper ADP Step Braze Cycle, 0.0134 750 1
1900 F

0ifUC Copper ADP Step Braze Cycle, 0.0134 500 1
1900 F

Beryllium Copper ADP Step Braze Cycle. 0.0098 750 1
Alloy 10 1800 F

Beryllium Copper ADP Step Braze Cycie, 0.0098 500 1
Alloy i0 1800 F

e ry1 Ii irn Coppc r Heat Treat to Op imklm ()o0,98 75( 2
Alloy 1.O Properties

Beryll. it Copper Heat Treat to Optimum 0.009c( 500
Alloy 10 Properties
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of curves for each common material and process conditioi. were then
drawn for each specimen run at various test temperatures.

(U) Figure 74 shows two such curves for furnace brazed zrickel 200.
Since the thermally induced strain in a thrust chamber tube actually
occur= over a rarnge of tei.ýperatures, an ,tverage temperature fatigue
curve has been estimated. The arithmetic average ubed was felt to be
conservative for this case.

(U) The average curves for each material, both in the annealed --,.j
processed condition plotted together for comparison purposes, are
shown in figure 75. These curves are useful in comparing materials,
as well as for estimating the number of start sequences required to
cause transverse through-cracks in a thrust chamber tube.

(U) The tube simulation fatigue tests were initiated in the second
quarter. A typical formed tube and completed tube specimen is shown
in figure 76. An instrumented tube specimen installed in the tube
,ester prior to installation of the pressure chamber is shown in fig-
ure 77. A spring-loaded chromel/alumel thermocouple located on the
tube cro' n (center of specimen) is used for the programmed cycling
control. Other instrumentation shown includes voltage pickups and
electically insulated thermocouples at the n'ds of the heated specimen.
Sime•'- instrumeutation is employed on the d.ametrically opposed tube
c ro wn.

(U) Several tube tester specimens were thermally cycled to failure.
These include three 347 CRES tubes and one Hastelloy-X tube, all o.
0,010-inch. wall thickness. These :-.ateria1, were tested prior to rckel
and copper because of material avaiiability, Also, the analytical model
was initially based on data obtained from J-2 thrust chamber tests and
ither sources. Most experimental data available were on stainless
steel. C, 'ic fatigue data obtained agree with the ana .iicai technique
;tnd data used for predicting the fatigue life of AtD tubula, chambers-
One OFHC ccp,-r and two nickel. 200 specimc:-Lb were fabricated,
Testing of these specimens -5 schrideuld -fou thý' ext quarter.

(U) The test results of the stainle.ss-steel ahd Haste ll•,:,--X tulnb• '-peci-
roens art summarized in Tab!- A4. Tfe coolant-s.." operating condi-
tions, h'ndrogeen flowrate, and bulk temperature (ari-,-ient), were main--
tained constnt for a.ll E Lach cycle was programmed for 27
seconds dý'ration which consisted of a o-second hold at elevated temper-
ature, a 5--second ramp, a 5-second decay, and an Il-second hold at
ambient te-•peratu:-e.
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(U) One test was run at 1100F v.all temperature, this being the highest
temperature at which cyclic fatigue data were available on stainless
steel. Although this steel specimen tested at 110OF incurred thermal
fatigue cracks at 270 cycles, testing was resumed to 3)0 cycles.
Cracks were detected by both a rise in tube external (bell jar' pressure
and by infrared TV coverage. Testing beyond in-tiation of fatigue
cracks Simulated thrust chamber operation with transverse tube
cracks. Figure 76 depicts tube failures photographed after 300 cycles.

(U) Anothar staini.ess steel specimen was targeted for 1600F, which
is the anticipated operating gas-side tube-wall temperature for
stainless-cteel tubed in the ADP thrust chamber; the 2050F test pro-
vides data on the reduction in cyclic fatigue life at extremely high wall
temperatures.

(U) Even though stainless steel will not be considered for the demon-
strator module tubes, these results are significant in providing an
experimental check on the method of prediction of cyclic fatigue life
analytically from material properties determined in the laboratory.
Additionally, these tube tester resluits on stainless steel are corre-
lated with actual hot-line life of stainless-steel tubes used on the J-2
thrust chamber, to calibrate the analysis further.

(U) The agreement of the tube tester type 347 stainless-steel test
results with the life characteristics used to p,'edict the life for the ADP
chamber is reflected in Table 24. Based on these results, it is be-
lieved that the analytical model can be used with confidence in predicting
the thermal fatigue life of the candidate thrust chamber materials.
This will be verified with continuing testing of nickel and OFHC copper
specimens.

(U) To select a tube material for the demonstrator qegment thrust
chamber, a criteria list was developed as an aid. The criteria were
taken from life, performance, and fabrication considerations. Each
tube material was then evaluated by these criteria, as determined
from the results of the Materials Selection Program, from previous
experience, from published literature, and from the results of the hot-
firing tests.

(U) A comparison of the demonstra-tor segment thrust chamber tube
materials, as determined by these criteria, is given in Table 25. It
was concluded that nickel 200 offered the best combination of neces-
sary features for this application. This material was therefore
selected, in combination with a process cycle which produced the best
obtainable properties.

171
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TAB IY 2

FACTOIlS AFFEYTING SI'HTION 0' 20K-SXMU4'r TJBE MATERIAL

(Based on State-of-the-Art Fabrication Technology and ADP

Operating Conditions)

Material Type 347 Nickel Nickel OFHC
Stainless 200 270 Copper

Cri'erion Steel

Strength to Withstand Good Good Poor Good
Hydraulic Stress

Thermal Stress Poor Good Poor Fair
Fatigue Resistance

Metallurgical Stability Excellent Good Poor Poor

Oxidation-Erosion
ReitneGood Good Good GoodResistance -____ _______ _____

System o . tv , od Good Fair

Comparative Coolant 0 0.85 0.75 0.95
Pressure Drop

Comparative Weight 1.0 1.05 1.05 1.20

Uprating Capability Poor Fair Fair Good

Drawing, Tapering, Good Excellent Excellent Good
and Forming Confidence

Braziug Confidence Exc e 11 ent Good Good Poor

Availability Good Good Good Good

Total Cost Low Low Low j .L w

172
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(IT) A simih r comparison was madle of the leng-range condidate
rratcrialý (Table 26). It was see- that the beryllium copper allPy
No. 10 7naeriai. offered a 1arvga' in:rease in thermal fatigue resistanco,
especially in the flly heat-treated cordiiLtiO Ellis is ,ue '-) tbe fact

that nz plastic strain is induced in this condition. Itr practical thrust
c tamber use, however, awaits the development of suitable manufactaur-
ing processes.

c. Problem Areas and Solutions

No particular problem areas Fa,,. been cnceuni~e d on this cffort
to ciate,

d. Testing

(1) Test Results

Results of laboratory and simulator experimvrnts were discussed
in the Progress During Report Period section. There were no hot-
f.re test results.

(2) Test Facilities and Procedures

(C) Program rest Plan for 2. 5K Tube-Wall Chamber. A test plan has
been written for the 2. 5K tube- vall chambers. The primary objective
of this test program is to evaluate regenerative-cooling capability of
each tube material to chamber pressures of 1500 psia.

(C) A tentative test schedule for each chamber is shown in Table 27.
All tests will be run at a chamber mixture ratio of 5.0, because thin
_,,pproximat,Žs the maxdmum heat fluxes. Test duration will be 5 sec-
onds to ensure stepdy-state instri-'nenL realings. Hardware instru-
mentation will include heat transFer and performance meast ements.
Direct hot-gas, wall-temperature measurements vill be atte:.not'•d
using braze alloy spots on the tu' e surface and al.io by using
thermocouples brazed to the tube surface. Coolant measureme-ents v., iIl
inzlude flowrate and inlet and outh' temperatures and pressures. For
performance, thrust, chamber pressure, injection flowrates, and
hydrogen injection, temperature will be measured.

(U) Tube Instrumentation. The two technique- 'n,- stigatcd to obtaill
gas-side, tube-wall temperatures were: (10 :.stallation of micro-
miniature nermocoupL., and (2) applica, .t of braze alloy deposits on
tube-wall surfaces. Braze alloy deposics will be selectiv.. Y e:ipioyed
on the 2. 5K chambers.

CONFIDENTIAL
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FACTORS AFFECTING SELECTION OF LON(.'--PfRttANG YITBE MATERIALS

(Based on Current Knowledge and APP Operating Conditions)

Material Boron Beryllium Beryl1.1ium
Dpnxidized Copper Copprr

Criterion Copper Partial Heat Full Heat
_•_•___ - -Treat Treat

Streqgt to Withstand ýodEclet a len
lydrualic Stress o

Thermal Stress Fatigue Good Excelilent Un l Ji!;!it ed
Resistance

MeiLallurgica- Stability Good Excellent Excellent

Oxidation-Erosi on F F Goode
Resistance

System Compat:bility Fair Good Good

Comparative Coolant 0.95SDo .50.95 0.95
Pressure Drop

Comparative Weight 1.20 1.05 {1.05

Uprating Capability Good i I ei t Exc el Qe0 t

Drawing, Tapering, and Good Unki• Unknkoown o,
Forming Confidencc

Brazing Confidence Po'r Poor Po,;r

Availability Fu Good Goo;d
_ _. .... .. . . .. .... .. . ...._

Total Cost ~CModeratON FI NTIrat

1714
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TABLE 27

TENTATIVE TEST SCHWULE FOR FACH CH M

Chaber Mixture Mixture

Chamber Ratio Ratio
Test Pressure, (Coolant), (Chamber), Duration,

No. pso/f 0/f seconds

1 300 5 5 5

2 300 6

3 600 5

4 600 6

5 900 5

6 900 6

7 1100 4

8 1100 5

* 9 11'q0 6

10 1300 4

11 1300 5
12 1300 6

13 15300 4

14 j1500 5

15 13500 6

_ 16 1500 7 5 5
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(U) The evaluation of braze alloy remelt temperatures and their
application were completed and reported last quarter. These temper-
ature indicators will be applied post-furnace brazing of t.ý.e Psoembly.
This is necessary because the furnace braze alloy melting temperature
is higher than that of applicable temre.1eature indicators. Braze alloy
deposits will be used in accessible (div'ergent region) areat only.

(U) Micro-miniature thermocouple installations using high-ternp~erature
(1900F) braze were unsuccessful. This high-te-nperature application
was necessary because the thermocouples must be instailed prior to
furnace brazing the tubular chamber as4embly. The installations re-
sulted in gas-side tube surface discnn' ities w;ich were Llot accept-
able for the operating condition- of Lhe ADP thrust chamber.

e. Summary of Planned Effort for Next Re-jr)rt Period

(U) Fabrication of a ?. SK copper charnbe', segment and a nickel cham-
ber segment w:11 be cornipleteC and teetir•zg initiated shortly thereafter.
The thrust chamber rnaterial,,; investigation will be directed toward the
derivation and prograrnmi-t of an extensive tube stress analysis pro-
gram. More r,-r us analytical techniques will be developed which
take into accoum&-c th• completv stress and strain history of a thrust
chamber ttbe dur;`.cr a rypic;d! mission cycle.
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3. THRUST CHAMBER NOZZLE DEM.ONSTRATION

One of the major objetivee ef the fabrication and test task of the
current program is to dernonstrate performance capability of the
aerospike thrust chamber. Full-scale, 250K thruat chambers
duplicating the combusti(;n and nozzle expansion features of the demon-
strator module thrust clamber are being used for performance demon-
.tration. One sofid-wall 250K chamber is being fabricated for the
following purposes:

. �verify injector ittegrity and c,•mpatibiliqy before exposing tube
wall chamber

2. Evaluate hypergolic and hot-gas ignition

3. Rate tbe injector-cornbustor sl.ability by pulse gur. as wV-_tl at, -
operational test

4. Provide an alternative means of evaluating combustor 'W, id
nozzle performance

5. Evaluate taroff gases . A demonstrate feasibility of tap-f-
source of turbine power on the a,-rospiki champ ýr

Two 250K tube-wall charnbers are bein2 fabricate.2 t:, provide
long-du:ation capability lor perfor.T.ai'ce -leajurements. These charn-
hers will be operated with varving deg"v ,s c! base ;lceel and in a
diffuser for simulating altitude conditions.

Injector and combustor fatures dun1 ica~e thce presentiy being
designed into the demo,,strator module chamber.

a. Status

(U) All forgings for the inner bodies have been received. The first
forging (to be used on the solid-wall chamber) has bten rough machined
and tiie OFFC copper suifating has uezn mompleted. rho final finish
machining for contoui s progressing (igure 78). The welding of the
second inner body ring forgings to the conical assembly for the first
tube-wAl inner body is being compoet.:?.

IU) The outer film-cocled sclid-w¢all bod-j (figure 79) ha& the flhn
co±ant ring (figure 80) w;,elded in place and the weldi.g ,f ti.e OFHC
copper on the surface is in progress. The ring forging for the first
tnbe-wall outer body has been received and roxgh inachiding h.s oeen
completed. rhe propellant feed holes are now being drilled.
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Figure 78. ADP inner Solid Wall Nozzle No. 1
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(U) The pilot runs with the tube forming dies have been completed.
The tubes for the brazing test specimen are currently being formed
(figure 81). The flow test unit ifigure 82) for calibrating the tubes has.

i been completed and initial checkouts accomplished with satisfactory
results.

(U) The first injector assembly h s been machined and all of the
propellant feed holes have been d .,ed. Currently, the oxidizer and
fuel manifolds are being welded in place (figure 83). The second unit
has been rough machined and the propellant feed holes are being drilled.
Detail fabrication of the oxidizer and fuel manifolds is progressing.
The baffles for the first unit are at the electroform supplier for the
depositing of copper on the face of the baffle.

b. Progress During the Report Period

(1) 50K Solid-Wall Thrust Chamber

(C) The final solid-wall chamber design (figure 84 and 85) is com-
posed of two major units: the outer body of the combustion chamber
and expansion shroud, and an inner body and expansion nozzle. Radial
and axial positioning of the inner and outer body are maintained by
atiachment to the injector. Thermal and pressure loads are trans-
mitted through shear lips on the interface at the attach bolt circle.
Thrust loads are tranl-mitted through the inner chamber body, utilizing
an eight-point thrust mounting structuie (figure 86). A thrust duration
of approxirm-ttcly 0.7 second at full thrust is made possible through the
utilization ef film cooling and copper-lined throat. The inner and outer
body are presently 20 percen! compieted. 'oth bodies have the coolant
m•anifolds and inlets finrsh machined and film coolant orifice rings
welded in place. Prese.!'-v, the copper weld for the throat region is in
work. Upon completion of welding, the inner contour and balance of the
chamber will be finish machined.

(U) The inner and outer combustor body finalized design (figure 84 and 85)
incorporates film coolant rings located 1.5 inches above the throat.
The coolant flows through orifices in the ring which are directed toward
the converging wall of the throat, providing a boundary layer of coolant
along the surfaces of the throat and nozzle. To improve the life capa-
bility of the chamber further, rhe throat is lined with 0.75-inch thick,
high thermal conductivity copper which provides a margin of safety
during operation and also the potential of brief operation without coolant.

(U) The injector used with the solid-wall chamber assembly is identical
to that planned for the tube-wall assemblies except, since there is no
circulation of fuel in the injector crossover passages during solid-wall
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ATTACH BOL T CIRCLE SHEAR' LIP

FILM COOLANT RING

FILM COOLANT INLE
(TYPICAL 8 PLACES)

COPPER LINING /

Figure 84. 250K Solid Wall Thrust Chamber Outer
Body Assembly
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Figure 8b. 250K Film Cooled Solid Wall
Thruibt Chamber

1873



This page is intentiona]ly left blank

188

CONFIDENTIAL



chamber testing, two presourizing ports will be directed into the mani-
fold in this area to maintain an inert gas pressure greater than the
chamber across the seals between the injector and chamber bodies.

(C) The oxidizer is directed from the facility supply source through a
line into the diffuser and the plenum chamber which then distributes
'he oxidizer through four tangential inlets in the manifold. Here, it is
fed directly to the injector passagewa•-s leading to the oxidizer injection
orifices. The fuel also is directed from the facility through a supply
line. From the distribution manifold, the fuel is fed through 20 inlets
around the periphery of the injector fuel inlet manifold which feeds the
injector orifices and baffles. Naflex seals are utilized for sealing all
flanged connections in the fuel and oxidizer systems. A base closure
plate is attached at the nozzle end. The entire thrust chamber is
provided with extensive instrumentation boss attachments.

(C) Stability Testing Provisions. The instrumentation and stability
provisions or the solid-wail engine were finalized this quarter.
Statility testing will be accomplished by pulse guns in three adjacent
compartments located I inch below the injector face. The pulse guns
were chosen for their ability to provide a direct-onal burst of energy
in the region most likely to induce instability, Located on the outer
wall of the thrust chamber (figure 87), the guns are easily serviced aid
insensitive to thermal detonation, allowing the chamber to be "pulsed"
at any time during mainstage.

(U) The gun (figure 88) is designed to accept either a 300 H & & (rifle)
or a 38 special (pistol) cartridge. The shell can utilize various powder
loadings, and when utilized with furst diaphragms of 7500, 10,004, and
20,000 psig, provides varying values oi over pressure.

(U) High-frequency pressure transducers provide data during stability
runs for evaluation of over pressure and damping characteristics. The
transducer ports (Photoc6n type) also may be adapted to streak photog-
raphy windows.

(U) During the chamber run, an electrical squib is detonated and drives
the firing pin into a standard rifle or pistol primer which ignites the
powder. The burst diaphragm prevents the gas charge from escaping
into the chamber until the full charge is developed.

(Z) 250K Tube-Wall TI-.rust Chamber

The structural and mechanical design of the 25OK tube-wall
chamber were described in the pre-•ious quarterly. During this quarter,
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major design. effort on this chamber wse comibpttedi Instsru Meata
requirements were determined ani pr•ioiei for (1) fe-
sensors, (2) static, hiSh-friquency, and pressure pickup.. and (3) Otmer
instruments were incorporated into the designL.

(C) Nozzle. Continuity of the final aerodynamic sipke noszle cOntOur
design or the inner wall beyond the end of the regeoeradively cooled
section is obtained by the use of a solid-wall. un"coled nossle extension.
The extension begins 16.00 inches downstream of the throat, terminat-
ing 37.03 inches from the throat plane. The minimun wall thicknesses
at various axial stations were defined during this quarter. Thermal
and stress analyses were based on a backwall temperature of 100F and
a hot-gas surface temperature of 2SOF.

(U) The cone is fabricated of rolled and welded 3041 CRES plate with
welded flanges at either end. Instrumentation ports for preniUe tape
are provided at various axial locations for verification of nozzle pre.-
sure profile. The material order was released during this report
period.

(U) Manifolding. The design and analysis of a balanced fuel distribution
system has been completed in this report period. A constant area
manifold with a m"- mum flow variation of less than 1.0 percent at the
rated flow conditions has been selected for the fuel inlet to the inner
wall tubes utilizing two inlets. Equal distribution from the inlets to the
manifold is achieved through the use of tees incorporating flow splitters
and directional vanes, as shown in figure 89. Fuel flow from a single
facility interface to the fuel manifold is accomplished through the use
of a symmetrical "Y" duct assembly usi'g spacer Naflex seals at the
manifold inlets.

(C) Finalization of the fuel circuit from the aft end of the outer wall
tube to the injector fuel manifold tee also effected during this report
period. Fuel flow from the tubes is evenly discharged to a collector
manifold which is incorporated in the outer wall structure (figure 90).
Fuel flow from the manifold is then carried by 20 equally spaced fuel
transfer ducts to the injector inlet tees. That portion of the fuel which
is bypassed returns to the facility via the fuel distribution manifold
which is used for the inlet on the solid-wall, film-cooled thrust chamber.
The fuel system schematic is shown in figure 91L

(U) Base Closure. Design of the base clesure and secondary flow gas
generator system for the tubular chamber inner wall assembly has been
completed during this report period.
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(U) The centerbody is a welded assembly of 347 CRES. Its geometry
is that of an oblique cone truncated at its forward end parallel to its
base. The base clo-,,re is a prepunched flat metal sheet (a perforated
plate), welded to the centerbody cone. An omega joint, having an
external flange, encircles and is welded to the OD of the base closure.
The base closure is bolted to the nozzle at the base flange. A Viton-A
O-ring provides sealing between the centerbodu and the nozzle. The
omega joint absorbs thermal deflections between the centerbody and
nozzle. The centerbody functions as a closeout to the engine nozzle
and transmits backpressure thrust in thu base region to the engine
structure.

(C) A J-2 gas generator (P/N 308360) provides secondary gas flow
to the center body. Gas generator provisions include the gas generator
valve assembly, two blead valves on the gas generator valve assembly,
a "T" adapter that incorporates a hof-gas bypass pcrt, and a bose for
GN 2 purge. The gas generator capability has been increased from 8
lb/sec (approximately) to 11 lb/sec (approximately) at 1Z00F and 800
psia P . The gas generator can be throttled to 4 lb/sec (approximately).
A lwerc secondary flowrate can be achieved through use of a bypass.

(U) The gas generator bolts to the forward flange of the centerbody,
and Naflex groove seals are used to seal joints between gas generator,
bypass assembly, and the centerbody. Gas generator gas flows int- a
tubular well inside the centerbody. The tube is welded to the center-
body at the inlet flange and extends aft to near the base of the center-
body. Orifice holes perforate the walls of the tube over most of its
length. The holes control and diffuse the gas flow into the plenum
chamber. To allow for reducing the orificing area, provision is ma':
for bolting a close-fitting concentric sleeve, of selected length, to the
end of the tubular well. A plate bolted to the centerbody base plate
provides access to the sleeve and tubular well.

(U) Release for fabricition of the base closure assembly will be
effected during the next report period.

(3) 250K Experimental Injector

(C) The injector design is basically a one-piece, stainless-steel
annular welded assembly consisting of the injector body, the fuel, the
LOX, and the hot-gas manifold system. The operation of the injector
was described in the first qdarterly. During this quarter, design of
the baffles, selection of the first injector strip configuration, and
definition of the hot-gas and hypergo•'c ignition systems have been
emphasized.
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(C) Hot-Gai 3 1 ition and Tapoff Coircuit. Th ! hot-gat; system is an
Lntegal pat o the injector asiembly. It consists of a uniform 'cross
section toroid located inboard and forward of thie inner' injector flange.
Forty transfer lines welded to the' inner injector Aange connect the
manifold to- passages in, the injector body, support th'e manifold, atnd
provide for thermal deflection. Each passage in tne injector body,
from the transfer lirre to the baffle at the injector face, is lined with
insulating sleeves to reduce heat transfer into the body in areas adja-~
cent to cryogenic passages. Vae baffles have one cory an passage
arnd four ports, two per side, that open into the )o-; n chamnber.
Ignition flows in from the manifold to the cornbustiL-. ..aarnbdev; hot-gas
tapoff gases flow from the combustion chamber to the manifold,

(C) Baffles. Two OFHiC electrofor:--ed baffle design~s are released,
one design with hot-gas tapoff 'ports and one without ports. Each design
ha3 a 347 GRES core with an electroforrne'l OFIIC copper jacket. Thki
jacket~has passages for regenerative fuel1 coolant flow. Twenty-nine
CRES cores have been machined and sent for electroforming.

(U) One furnace-brazed baffle design has been released. The furnace-
brazed design consists of an OFNC copper jacket, drilled, formed,
and furnace brazed to a 347 CRES core. This design has provision
for hot-gas ports.

(C) injco tis The machined strip design (backup for !.:,e coined
deeignYha been rYeleasedl. The design patter~n is a basic triplet
pattern, des~tribed in a-later section of this repor~t.-

lg)naition S stems. For Ci~e soiid-waU chamber, provision is made
for both-hypergolic (chlorine -trifluoride) and hot-gas ignition (fuel-
rich gases). The hot-gas ignition is being evraluated in an in-houst.,
program. Th%ý results of this program show that -satisfactory ignition
can b6. achieved with nominal mixutre ratio of 1:1 hot gases if the
thrust cham-ber mixture ratio is above the thoioretical limit of 1--1. The
hypergolic system i3 describctO in detail here.

(G) A study was made of existing CIF3 systems, and an ana.1ysis wa5
made of four manifold designs. The design selected (see First
C-arterly Progress Report), with some modification, was fcourjd to best
suit 'the engine frc'm a volume and ignition delay standpoint.

(C) Each of the 40 combustion compartments contains one igniter
- - tube. The tube, which passes through the fuel manifold and terminates

at a recessed position 0.125 inch behinid the face of the fue4 strip, i3
formed on the outlet end and indexed such that the CIF 3 forms a fan

j which sprays parallel to fhe chamber walls. This fan direction pre-

vents the GIF3 from impinging on the walls of the chamber (figure 92).
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(C) The manifold c~onsists of five major welded com. ponents. A trpocaI
quadrant (figure 93) consists of (1) a welded ýaseeihbly contam.ing ten
feed tubes, two secondary plenums, and a splitter~tubie, aW, (2) a
transfer tube which is part of a secoitd welded asmeinbiyr consisting
of four transfer tubes, one primary plenurn, and a' supply tuhe,

(U) The CIF 3 system is proesurized by GOX tapped ofq frv9n the bigh-_
pressure LOX systera. Following *XPUlsion of tht CA F3. the manifold
continues to flow LOX, providing a purge condition, sustained ignition.
and cooling for the tube at the in~ector face.

(C) Taof Manifold. The hot-gas tapoff manifold assembly consists
of a toroidal coleZtar ring oi conastant area cross setibn, One
outlet riser to facility ducting, a separate interconnect tubt, for
each of the 40 cornbustion chainb-r compartmerita. and AND
bosses for temnperatkart and pressur taps. All mater'ia is1 347 CVJES
except the, flanged outlet to facility dzicting. The flange irs a CGiayitrta
weld-neck flan~ge 1.316 C.RýS).

(U)I Interconnect tubes are. welded to the tapof orts on &e ID aiVh
injector flanges. Flow into and out of the m-anifOld, iv at- 90) d-*rees 'CID
the Plow in the collector ring.

(C) Oxidizer Manifold Studies. The oxidizer mannfollddveomt
efforiFto__~eAD5thrust chamber is being caryried iout and reported
under NASA Contract NAS8-20349. The manifol -aluatitm is Idienhca1
to the LOX manifold being fabricated for thte ?iK iniector. The m!i
is shown in figure 94 undergoing full-flow tests.

(10 250K Thrust Structure. The de;;ign of the 250K tha-ust mount
asebyhsb~iiTare and the stress analysis coirnploted,
(figure 86)1 in this report perio~i.

MYI 'Phe final design consists of eight ep-ually spaced struts ra4isting
out and aft from a center gimbai mounting plate 'designed to accept. a
standard J-2 gimb.al bearing) to vertical guiesets which attach to inoUI-t-
ing ,)rackats v~ia pinned cleviss joints. The mounting brackets contain
a close tolerance 3hear tang which mates wi 'th a groove on the, inside
diameter of the inner wall dl the thrust chambexr. The bracrtets are
attached to the chamber wall with bolts.

(U) Additional struts, two from alternate vertica.' gussets, connect
at a point above the intermediate guusA.t to prcvide stabilizer attach
points at a height above the thrust chambeT t,, meet !aci'ky requiremente.
Extension of tho vertical gussetb at th&- gimbal mountiag plate provid-e
attach points for primary load cell calibration.
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Figure 94. LOX Mmaitold Flow and Distribution Taists,
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(U) The assembly will be a welded fabricatiom of 4340 steel plate and

4135 steel tubing heat treated to the required strength level.

c. Problem Areas and Solutions -- Manufacturing

(U) During this report period, three manufacturing problems were
satisfactorily resolved. The boring of the horizontal feed holes in the
injector assemblies was accomplished by adapting the Quackenbueh
drilling units by building jigs to mount the units to the injector body
itself.

Problems encountered in forming of the tube assemblies were resolved
by adapting the tube forming dies to another press and applying 30,000
psi during the forming operation.

The successful broaching of a test specimen during the reporting
period demonstrated that the proposed method Fr• resolved the problem
of forming the grooves in the injector bod-- assembly.

d. Testing

(1) Test Facilities

(U) Facility Feed System Dynamics. A mathematical model including
oxidiz-•r facility feedlines, thrust chamber feed systems, and combust-
ion chamber dynamics was formulated for the analysis of chug mc- les
of instability should they occur on 250K testing. Since the gaseous
hydrogen has negligible dynamics in the range of frequencies where
chug might occur, the facility fuel feed system was excluded from
consideration.

(U) The complete chug rmodel was developed in three steps: (1) the
oxidizer facility lines were modeled and resonant frequencies deter-
mined, (2) the thrust chamber oxidizer manifold, feed legs, and injec-
tion passages were added to obtain the total oxidizer feed system
response, and (3) the combustion process was added together with a
hydrogen flow description through the injector. A block diagram
xý-oresentation of the total chug model is shown in figure 95.

(U) The facility oxidizer feed system at NFL-D2 consists of 48 incies
of 8-inch-diameter line, 47' "nches of 6-inch-diameter line and two
facility Annin valves.
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(U) The d yamic behaviok of the facility line was determined using a
digital computer frequecy response routine when prtesure pext.ba.
tion was intraluced at the downstream end of th4 1'Ue. The pressure
and flowrate ratlos along the line to the input perturbtion, preetu.ed
in terms of both magnitude and pha& as functions of frequency, are
indicative of the line dynamics.

(U) A nominal oxidizer flowrate of 475 lb/sec, corresponding to a thrust
level of 250K, wvas first evaluated. Both pressures and flowrats
within the facility line exhibited resonances at 40, 80, 120, and 750 cps
with the highest peak gain at 80 cps.

(U) The o-idizer facility line deocription was then modified to include
the assumed length of line necessary to ccnnect te existing facility
feed system to the thrust chamber oxidizer inlet flange. Each flowrate
condition was re-run withiut any at':endant change in resonant frequency
or gain magnitudes.

(U) The oxidizer feed system des4.4ption was- extended to include the
thrust chamber assembly. The plenum, and diffuser sections were
treated as a single volume and represented by a lumped description of
the comoliance. The four feed )egs were assumed to act as parallel
flow paths and, as such, were represented by a single, one-dimensional
wave equation for a line of the equivalent cross-sectional area alr
length. A lumpd compliance description of the torus manifold also
was .m=ployed. An equivalent ý 'work representative of the injector
resuited in lumped values of inertance and res=i•t'nce for the feed
passage$.

(U) The describing equations for the thrust chamber LOX feed system
were coupled to the previously derived fa'ility line representation.
Again, the digital frequency response routine was used to determine
the dynamic behavior of the total oxidizer system. In this instance,
the input perturbation was introduced nn -hamber pressure. At the
nominal 250K LOX flowrate, resonant peaks in torus manifold pressure
were observed at 160 and 360 cps. Facility line pressures also
reflected a pci.& at 240 cpa. Siificantly, pcessure response upstream
of the four legs indicated that frequencies above 50( cps were not
transmitted and the feedline was essentially decoupl3d from -he chamr)er
at high frequencies,

(•J) Completion of an ADP thrust chamber "chag" mcdel requlxed the
addition of the hydrogc injector dynamics and the cl 4arnbr gas-side
dynanmics to the LOX feed system description. Again, bicause of the
presence of gaseous hydrogen prior to injection into the chamber, fuel
injection pressure was assumed to be constant. A linear eq'iation was
used to describe fuel itijector flowrate.
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(U) The combustion process wai, &alytically represented by time-
del*yed injector flowrates. The time couitants for the delays were
determined by aaonsidering the flight time-to-impingement at injection
veaocii6s plus a time interval for pie generrtion to occur. The t:tal
delay reprmesn•ed apprwtimately th.o time required for es icpr U-_1
stream to tvavel twice the impingement dIst&ncw WeZLjteion velocity.*

(UW Fuel and combustion dynamics were then coupled to the description
of thm oxidizer feed system to compute the "chug model. The block
diagrair of the chug model is illustrated in figure 95. A chamber
pressure perturbatio,, was introduced again and the digital frequency
response routine employed to determine 4n•a ic behavior. For the
case of the computed model, however, the frequency respouse provides
more information than merely to ientify resonances withmn the model
co-mponents. By considering the -model open loop (i. e., not permitting
chamber pressure to feed back to the feed system), the Bode stability
criterion may-be employed to determine if chug will be encountered.
Stated briefly, the Bosde criterion requires that for a sinusoidal input,
the open loop gain, ZANPc, must be less than unity at the point of 180
degree phase shift for the system to be stable.

IU) The two ADP performance extremes (50K and 2,10K) were evaluated
using the chug model. At 250K, the Z/fPC phase ra'io nver reaches
180 degree shift although gain is greater than unity at several frequen-
cies. The thrust chamber should, therefore, not experience - chug
mod: at 250K thrust.

(U) For the 50K performance level, 180 degree phase shift does occur
at 40 to 250 cps, indicating that at the lower thrust lev• •a chug mode
may be experienced and facility decoupling rFovisions may be necessary.
The developed model also will 'e of vse to the 3eiection of any
necessary facility revisions.

(U) Inntrumonntation Box Identification S stem. A system to identify
all instrumentatio.,a taps on the 25K-ea-• has been deviseu so that
the taps are fully described by the tap number. No cross reference
is necessary to deter•nine tap location, iuid media, or tap type. The
system is d.escribed in Appendix D. The tal chamber instrumentation
pri,,isous are listed in Table 28,
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e. Summary of Planned Effort for Next Report Period

(U) During the next reporting period, the electroformed baffles for the
first two injectors will be received from the electroforming source.
Only one set (40 each) will have hot gas tapoff ports. The copper
injector strips will be machined and the orifice holes drilled to support
brazing of injector units No. 1 and No. 2.

€• (U) The first injector isi~ ~-'_,,led fn- completion (through calibration)
I I November 1966. This unit will be assembled wxth the imnar and
outer solid-wall bodieE: thrust mount, base closure, and associated
manifolding and ducting, and the total assembly will 73e ready for
delivery to the test facility on 18 November 1966.

Tx'3 LE 28

250K CHAMBER INSTRUMENTATION PROVISIONS

Tap Location Number of Taps

Common (SWTC and TWTC) Static Pressure Dynamic Temperature

Injector-Chamber Pressure 6

Fuel Injection Manifold 5 5 4

LOX Manifold 12 10 7

LOX Line 4 5 3

Hot-Gas Tapoff 1 8

ASI 4 2

SOLID WALL CHAMBER

Combustion Chamber 7 7 4

Nozzle Profile 19 5

Baae Closure 5 3

Fuel Inlet Manifold 2

TUBE-WALL CHAMBER

Fuel Inlet Manifold 7 3 2

F-el Up-tube Manifold 2 2
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TABLE 28

250K CHAMBER INSTRUMENTATION PROVISIONS (Concluded)

Tap Location Number of Taps

Static Pressure Dynamic Temperature

TTJBE-WALL CHAMKER
(cont)

Fuel Down-tube Inlet Manifold 4 2 4

Fuel Down-tube Outlet Manifold 4 4 4

Fuel Transfer Tubes 4 4 4

Center Bod',r Plenum 9 2

Uncooled Nozzle Extension 4

Gas Generator 4

(U) The forming and calibration of the tubes for the inner and outer
tube wall body assemblies of Unit No. I will be- completed. These
tubes will be stacked into the bodies and the brazing of the units will be
in process.

(U) A complete testing program pian for the solid-wall chamber will be
prepared early, in the next quarter. This plan will include test by test
descript,•n objectives, instrumentat4 requirements. and starting and
-hutdown p-ocedurec.
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4. SEGMENT STRUCTURAL EVALUATION

(U) The 20K segment chamber is being designed, rnanuf,ctured, and
tested t, provide advanced structural and fabrication data for a light-
weight lemonstrator module chamber design. Complete structural
simulation of a 360-degree annular combustion chamber cannot be
obtained with a model chamber segment. The ability of the structure to
maintain throat dimensions throughout the operating range and with
repeated firings will be simulated very closely. Also, construction of
the demonstrator module structural members and regenerative cooling
of all structural parts will be closely simulated. The effects of dif-
ferences between the 20K segmert and demonstrator module will be
analytically determined and used to interpret the test results.

a. Status

(U) The design requirement specification fo. the 2JK demonstrator
module chamber segment was completed and issued.

(U) Salient design features presently established for the 20K demon-
strator module chamber segment are:

1. A straight cha.nber length including three combustion zone
compartments, the center c rnpartment duplicating a .om-
partment of the demonstrator module chamber

2. Internal tie bolts housed witlin the combustion zone baffles

3. A symmetr'cal combustion chamber, -onvergent nozzle, throat
and expansion nozzle with a divergent half-angle of 15 degrees
,o an area rati- of 3.5

4. A machined titanium backup struicture adhesively bonded to the
regenerati -ely cooled tube bundle

5. Temperature, structural, and high-frequency pressure
instrumentation

(U) The design of the 20K demonstrator module segment has pro-
g'essed to the final layout stage lor both the injector and chamber
assembly

b. Progress Durin, tbf Report Period

(C) Design analyses involving structural conrept, material, _oolant
circuitry 3,- fabrication technique for a lightweight demunstrator

2 ,3
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module chamber (see Demonstrator Module section) hias precipitated
several major design criteria for the 20K segment chamber. .The
structazre is comporied of miachined titanit.m adihesively bonded to the
r egeneratively cooled tube bundile.

(U) An internal structural confi-'iri.tion utilizing equally spaced
so'ructural baffles, each contair'o g ýwc will carry loads across
the chamber.

(C) Nickel 200 was selected as lie material for the regineratively
cooled chamber tub-es because of its "life" properdes at the predicted
hot-firing conditions. Tooling for the fabricatior of the 20X segment
tubes will be common with that used on the 2.5K segment program.
A series ciri~'uit similar to that of the-demonstrator module was
selected to cooal ~he "inner" body, structural baffle, and 1"outer" body,
respectively.

C. Probiemn Areas and Soiutions

(U) The initial results of a demon strator. module chamber design study
involving the two pr~ine internal structural arrangements, i. e., a
single row of 80 support struts and 40 peparate combustion baffles vs
40 strtctural bafflep. each containing Z bolts, indicated the 80-strut
concept to be appreciably lighter than the 40-structural baffle concept.
Based op this input, the 20K demonstrator module segment chamnber
design was initiated. Subsequent refinement of this configuration
e~liminated the apparen~t weight advantage of the 80-strut configuration.
A reappraisal of the two st),uctural configurations resulted in the 20K
design being changed to the ccncept of baffles with internal bolts. This
has resulted in a schedulle slippag e, however, the orders for long lead
items have been placed and thi-.ý tz~k can be brought' back rn schedule
Ulj an accelerated design effort.

d. Summary of Plaared Eifort for Next Report P~eriod

(U) Effort during the next deport periodi wi.Y be directed toward the
following goals:

i. Release of the tube ciesign for fabvicatioii

2. Completion of the final chamber 'ayout preparatory to a
critical design review

3. Detailing and release of all long-lead chamber body com-
ponents for fabrication

4. Completion of injector assembly layout and release of the
body for fabrication

5. Release of a preliminary hot-firing test requirements memo
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(C) CONCLUSIONS AND ICOMM3NDATIONS

1. Experience of over 100 tasts has shown that the 2.5K solid-
wall, c9oled segment provides an effective and low-coat means
of evaluating aerospike thrust chamber injtctor'.

2. 2.5K segment test results have shown that the triplet injector
pattern selected for the 250K injector is stable over the
operating range throttled to 20 percent rated thrust and 5 to
7. ! mixture ratio. Theme tests showed further that injector
durability and chamber wall heat transfer a, e satisfactory
for 250K experimental tests.

3. Performance testing of the triplet injector pattern in the 2.5K
segment has shown that this injector delivers a combustion
(c*) efficiency greater than that necessary to meet the overall
specific impulse requirements for the engine over the
operating range.

4. From analytical studies, laboratory materials fatigue tests,
brazing tests, tube tester simulation tests, and general hot-
fire experience, it is concluded that Nickel 200 is superior
to stainless steel and pure (OFHC) copper as an ADP demon-
strator module thrust chamber tube material. Howe-ver,
beryllium-copper shows great long-range promise as a
superior material to nickel when available in tube form.
Hot-firing evaluation in the exact AD? aerospike configuration
is needed to confirm this and provide information on limits.
Stainless steel will not meet the life requirements of the ADP.

5. From dynamic and static models and design studies, it is
conciuded that throttling and mixture control of the aerospike
engine can best be accomplished by two hot-gas throttle valves
in the turbine supply. Simplicity and reliability, dynai.,ic
response, static balance effects on the system and other
com.ponents, performance, and wei,,ht were heavy ccn3idera-
tions in this conclusion. Tie aerospike engine will operate
satisletorily i.9 a demonstrator engine with either open loop
or closed loop modes of control to these vaiveb.

6. A design study was rmade of thx'ýe fuel turbopunip a- . g&-
ments to meet the ADP aeropike fliow and he.Ld requiremtats.
The conclusion is tiat a t•o-stage centrifugal pump b4s3t
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Development cost and performance 's wi iwr twi tonta*

factors in reaching tbl# conclunion.

7. From design study of lightweight throut chamber e4~1tIoctu*5.
it was concluded that a machined titaniusp backw* a*t~ture
adhesively bonded to the brastd, cooling jocket-likawif"i
assembly in the best design for the demonstratoir modale
thrust chamber with the Phase JI demonsatration, to be ccin-
ducted in mid 1969. The major tradeoff in Wei sell- tion
was between (1) weight and (2) development costa, sc~hedulte,
and confidence.
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DST IMW4TION AN YALUB7O, 1W wa F
COEFr=CBT$ Utit 1I TVWXUT C~M AA ~ b

(U) Thrust chamber perfornmac afi~cieacy is .a0u"ated V)~h to
theoretical thermdami Ibttla provislant pe rMOMIRs., h
theoretical perforumanes toculculated, subiect. to sevta

1. Thermodynamic equilibrium is reached in the corzlbestio
chamber after adiabatic reaction.

2. Expansion through the nozzle is isentropic.

3. Products of combustion behave as ideal gases.

4. The expans~on process involves the one-dimensional flow of
inviscid gases.

5. Gas velocity at the nozzle entrance is zero.

6. Propellants are chemicaly pure.

7. Initial temperature for the oxidizer is the boilirig point at
1 atmosphere pressure and for the fuel is room temperature
(70 F).

(U) Since the real thrust chamber does not operate under such
idealized conditions, the real thrust chamber data canno 't be dire ctly
compared with theoretical thermodynamic performance. Therefore,
it follows that either the test data must be adjusited to the same
reference base as the theoretical values or the theoretical calculations
must be made so that the effect of finite contraction ratio, friction,~
heat transfer, nozzle throat areý- change due- to thermal effects,
nozzle divergence, arnd deviation from one-dimensional flow arm
properly taken into account. The former procedure is used in the
reduction of ADP thrust chamber test da~a.

STAGNATION PRESSURE LOSS

(U) Meastired static pressure is adjusted for stagnation pressure !ý. -s
by applicatio" of a function dependent on contraction ratio, bpecific
heat ratio, and nozzle entrance Mach number.
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FRICTION

coe~iciont from voth tefroinsAM -at~se o ""10- M
(V) sAl bowiwyleW anay-ayeri ned tlfk oieit th "-acist f ~tit a

the frictional dras. TeItIa nfluaen Coeffici'mt is8 RjVu 1W

='F (S. 6. MOO, U. Up. IL' T'a)

ii,0 135 (3)

(U) The dependence of 11 on chamber pressure and mi~xture ratio is
shown in figure A-i..

HEAT TRANSFE~.

(U) In a wat,ý.r-cooled thrust chamber, the heat transferred to the
coolant water is lost and not available. for coriversion to directed
velocity. This heat loss results in a reduction of combustion gas
temperature and, consequen~tly, the delivered performance-is less than
the ideal thermodynamic performance. The influence of heat loss on
performance w-:ts calculated by using a rnodifi.ý;i theoretical thermo-
dynamic propellant performance program that accounts for heat
transfer in the energy balance. A heat flux profile typical of the
experimentalIly determined heat flux profile was employed. The
performance calculations with heat loss are made incrementally so
that the effect of spatially distributed heat tra4 .sfer on the flow field
propeirties is calculated and, thereby, the effect of heat loss on
performance is calculated. These heat lo~ss influence coefficients are:

F (O/A. T T, H, Hit)(4tiH. L. t

and FLL. (c*) 1.0078 (5)

'1 (F) F (Q/A, ; Tc Teý H, H) (6)
H. L. cc e)

H. L. (F) = 1.0095 (7)
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Figure A-1. Influence Coefficient to Account for Effect
o: Frictional Drag on Thrust

217

CONFIDENTIAL



4*,.

4t~

(U The varia.tion of H. 16-. (c*) and H L. (F) with respect to chognbev
pressure and mixture ratio is shown in fig% ire A-Z and A-3.

) ~NOZZL~E THROAT ARE~A CHANGE

(U) Nozzle thrqat area during a tesi. is different from the nozzle throat
area' before ori after a test. During a test, there Vb pressure loads
acding oai the internal niozzle surface upon ~which thermal effects due tc
th~e increasbti wall temperature (as the re.3ult of heat flux) area
superimposed. In the Z.5K ADP water-cooled thrust chamber, the
hardware is sufficiently mnassive so that the effect of internal pressure
loads is negligibly small compared to the thermal effects. Due to the
heat flux, the nozzle throat areit is loes than in the cool protest
condition. The influence coefficient fenr nozzle throat area change due
to thermal effects is:

TH(At F (Y 0 V aq , t (8)
11H t p eETie

fr T (At) =0.9830 (9)

(U) The value given in Eq. 9 is based on past experience and will be
replaced as soon as the analysis of therm ,al effects on throat area is
completed.

N07 ZLE DIVERGENCE

(U) Nozzle divcrgernce losses were evaluated by comparing two-
dimensional axisymini-tric thrust coefficient with the ideal one-
dir-ensional nozzie thrust coefficient. The two-dimensional nozzle
thrust coefficient was computed by a rr ithod of charatcteristics
antfliysis which utilizes variable flow field pro~ztrties and .iIe internal

s ntour of the nozzle used on the thrust cham-ber. It is clear that

6CF C CF 0(1-) C CF (2-D) (10)
and

ACF 4F G11)

so that

ý'DIV =1.0110 (12)
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(U) Nozzle divergence less dependence on chamber pressure and
mixture ratio is show,,n ii, figere A-4.

NON ONE-DiMENSIONAL FLOW

(U) in the linearized tbeorv of transonic flow, the mass flow crossing
Sthe throat sction is always founa to be less. than ti-., critic•.' fRow

corresponding to one-dimersior,dJ conditions, The rzt'o cf the iwo-
dimc.nsional mass flow to the one-dimensional rmass flow ic the nozzle
disc'-arge c.. fficient. The nozzle discb-'rge influence coefficient is:

- F (k, Rt, Rc) (13)

C D 0,997

(U) Tiese il.Zi.ince :ueficierts and the resultarnt average vaile for the
influence coefficient are -umn-nari.ýed in Table A-1.

TABLE A-I

INFLUENCE COEFFICIENT SUMMARY

PHYSICAl. EFFF -T INFLUENCE ON EXPERIMENTAL

Characteristic Specific
Velocir,; impuILseO

Hleat Lcs" 1.0078 1.0095

I "iction 1.011 "51

, ozi7el Diver-gcnce 1.0110

T'o/'/i Discharige Coefficient 0.9970

Lhr at 'ýhritukaL- 0.9083W0

la.i ,tion Pressurc Los 0.)953

N •'.1t Value •I•VW 3 I

CONFIDENTIAL



CONFIDENTIA

-II

-;4

Qý

I-Z

olQIDVJ NOUIJDC)4M TM30MIJAIG

bul NhAL



CONFIDENTIAL

APPENDIX ,

HEAT TRANSFER DATA REDUCTI011 FOR
WATER-COOLED SEGMENT13

(U) The heat transfer data output includes the wate-. flourace anc
overall bulk temperature rise for each transverse wate' c oolaqt
passage. The water flowrates are measured with a turbine flowmetf-r-
and the bulk temperature rise, are obtained with - irornl-a-lurn."1

thermopiles installed to measure the inlet and ouLJet temperitLrec
difference directly.

(U) The .- at transfer rate into each water passage is given iii terms
of the water flowrate, the water specific heat (Cp I B3,u/lbrn-F), aid
the water bulk temperature rise by:

q C T . (B-1)

(U) The average chamber heat flux in the region of the coolant passage
is obtained by associating a one-dimensional gas-,.side heat transfer
area with each passage and dividing the heat transfer rate into the
passage by the appropriate area:

q/A = -- A (B-2)

(U) An average gas-side heat transfer coeffir.ent is obtained for each
passage using the relation:

h - g/A (B-3)
g (Tw- Tw)-Wq/A

aw w

,U) The coolant side wall .•-np,•raturc it taken to be 30 F above the
saturation temperature Of Lc cý. '

1 -ant. The use of this value assumes
the coolant side to be in the nucleate boilirg regime. The water
velocities utilikced with this chamber are sometimes high enough,
particularly for the low chamber pressure runs, to suppress nucleate
boiling, in this cise, the assumed coolant side wall ternperature wilt
be in error. This simplifying a,-sumption can result in up to 7
percent error in the calculated gao-side film coefficient in the low
heat flux regions of the chamber.
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(U) The actual combustion temperature is obtained from the ideal
combustion temperature corresponding to 100 percent combustion

¶ efficiency by:
T =T T) (B-4)

C c ideal G

(U) The adiabatic wall temperature used in Eq. 3 is obtained from the

actual combustion temperature by the relation:

3(PR Y-J'M
T =T . (B-5)aw c 1 + AL M

2 0

(U) The difference between Taw and Tc is negligible in the combustor
where the Mach number is low, and reaches a maximum of about 2
percent near the nozzle exit.

(U) Although the coolant passage geometry is highly two-dimensional,
a one-dimensional relation (Eq. 3) will yield correct heat transfer
coefficients if the proper value of the wall thickness or "reach" x is
used. In reducing these data, the arithmetic average butween the
maximum and minimum "reaches" for each passage is used in Eq. 3
It is estimated that this introduces up to 3 percent error in the cal-
culated gas-side film coefficient.

(U) During short-duration tests (3 to 5 seconds), the high heat sink
capacity of the copper block in the region behind the coolant passages
nrevents the chamber from entirely reaching steady-state operation.
As a result, a slight amount of heat leaks past the coolant passage
into the copper backup structure. The amount of leakage depends on
the coolant passage spacing and] the local heat flux. For the small I
spacings and high heat transfer rates of the ADP segment, a two-
dlimexional analysis of the amount of heat leakage should be less than
I percent in the throat region and less than 3 percent in the lower heat
flux regions of the combustion zone.

Local average Stanton numbers:

N (B-6)
ST

and both length and yvdraulic diameter Reynolds numbers are computed

to provide lurther correlation of the data. Frozen expansion gas
"product specific heat and viscostiy values corresponding to ideal
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chamber conditions are used. A 3 percent change in the characteristic
velocity efficiency results in only a I percent change in the combustion
product specific heat.

In addition, the heat transfer data correlating parameter

NST X (PR )2/3 (B-7)

is computed. Through the modified Reynold' s analogy

NST X (NPR)2/3 = CF/2 (B-8)

for flow over a flat plate, this parameter is equal to the local skin
friction coefficient divided by two and, hence, provides a direct
indication of local boundary-layer development.
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APPENDIX C

HOT GAS TAPOFF CALCULATIONS

(U) Since the. pressure ratio across the gas tapoff orifice was -.lways
greater than two, flow through the orifice was sonic and ne flowrate
could be determined by use of the following expression:

.2 (k +1)/k -l1)

Cv CDPA (1)

where w = flowrate

CD = discharge coefficierit (1.0)
P = pressure upstre--i. ,. 'rifice

. = orifice a,.-a

k = specific heat ratL.,

M = molez:..•,i,- weight

K = universal gas constant

T = temperature

w = gas tapoff oxidizcr flowra~-

wf = gas tapoff fuel flowrate

W = total gas tapoff flowrate

MR= gas tapoff mixture ratio

(U) For a fuel-r:'ch gas, the adiabatic combustion temperature ts a
unique fu..ction of the mixture ratio. The ,elationship between com-
bustion temperatur- and mixture ratio foe the oxygen-hydroge.. s",,tem
is presented in figuie C-_, No difficult, is exi. 4-- ' d in using these
data over a wide range of tapoff picFL-,res becau , at low mixt.'re
ratios, combustioi. tei- perature is i. arly indeper,,' of the system
pressure. Specific ,teal ratio was taken from figui C-1, and averaop.
molecular weight w2 :" the'r obtained from figure C--, "or the mixture
ratio determin,:d from figure C-1, using the measured ta[.'ff tempera-
ture. T!7ese vilues were used ir Eq. , to calculate total tapoff
flowrate. This flowrate was decomposed into oxidizer "nd ' 'el
flowiate by use of the expressions:
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APPENDIX D

INSTRUMENTATION BOX IDENTIFICATION SYSTEM

(U) A system Lo identify all instrumentation taps on the 250K chamber
has been devised so thz. the taps are fully described by the rap
number. No cross reference is necessary to determine tap location,
fluid media, or tap type.

(U) The aerospike chamber is divided into zones for instrumentation
identification purposes. The zones are numbered starting at the inlet
and progressing along the flow path of the particular media (figure D-l).

(U) Angular location is deinc - degrees clockwise of an inaux point
looking from forward to aft along the axial center line of the chamber.
The reference point for all 250K aerospike chambers is defined as the
12:00 o' clock position of the chamber when installed on test stand D-2
at NFL.

(U) The tap idlentification system is illustrated with the following
examp: e:

A E

B F

G

D G

C G 3 i -136.5 P -3.3

W hetr :-

A. Major Co m 1 )onci.

C thrust chamnber

•a,,, • rr ralor

i,: t,, ri c
I -

iý. 1,1 id -%,I e di,

0 ox id i.,r

~ I
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N = inert gas

T = tapoff gas

I = igniter fluid

Z = other

C. Chamber Zone

D. Minor Component (used only where additional clariiication is
required)

i = inner body

o = outer body

d = dome

E. Angular Loce.tion in Degrees from Reference Point

F. Type of Boss

P static pressure

T = t:!-rpPra.t1,re

D = dynamic pressure

A = accelerometer

B bomb boss or pulse gun

S seal vent

C = solid-state flowmeter or pressure

= purge (no letter designation)

G. Axial Distance referenced from Injector Face or Radial
Distance referenced from Chamber Centerline (whichever
is applicable)

Tap identifications are called out on all chamber drawings and
are stamped or etched at each location.
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